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Abstract
Monotypic s tands  o f  t h e  macrophytes Pe l tan d ra  v i r a i n i c a  and Spa r t ina  
cvnosuroides ,  which shared a common boundary, were s tu d ied  a t  Sweethall 
Marsh, a t i d a l  f r e sh w a te r  marsh lo c a t ed  on the  Pamunkey River w i th in  the  
Chesapeake Bay e s t u a r i n e  system, V i rg in i a .  The primary o b j e c t i v e  o f  the  
study was to  e v a lu a te  and compare p r o d u c t iv i t y ,  n i t r o g e n ,  and phosphorus 
s u b s t r a t e  dynamics in each o f  th e  macrophyte sp ec ie s  through th e  development 
o f  models which q u a n t i t a t i v e l y  a s s e s s  annual compartmental s tand ing  s tocks  
and flows .  The secondary o b je c t iv e  o f  the  s tudy was t o  e v a lu a te  and compare 
seasonal p a t t e r n s  o f  n i t ro g en  and phosphorus use e f f i c i e n c y  in  t h e  shoots ,  
r o o t s ,  and rhizomes as well as n i t r o g en  and phosphorus recovery  e f f i c i e n c y  
in t h e  shoots  o f  each macrophyte s p e c ie s .  In a d d i t i o n ,  two hypotheses were 
s tu d ie d .  The f i r s t  hypothes is  t e s t e d  was t h a t  seasonal n i t r o g e n  and 
phosphorus s tand ing  s tocks  in  th e  shoots ,  r o o t s ,  and rhizomes,  which r e f l e c t  
uptake and in t e r n a l  cyc l ing  p a t t e r n s ,  are  independent o f  sediment n i t rogen  
and phosphorus s tand ing  s to ck s ,  which r e f l e c t  sediment a v a i l a b i l i t y ,  in each 
s p e c ie s .  The second hypothesis  t e s t e d  was t h a t  seasonal n i t r o g en  and 
phosphorus s tand ing  s tocks ,  which r e f l e c t  uptake and in t e r n a l  cycl ing  
p a t t e r n s ,  a re  in te rdependen t ,  or  covary,  in th e  sh o o ts ,  r o o t s ,  and rhizomes 
o f  each sp ec ie s .
Annual biomass p r o d u c t iv i t y  was r e l a t i v e l y  high in both sp e c ie s .  
Pe l tan d ra  shoot p r o d u c t i v i t y ,  which included r e l a t i v e l y  high monthly 
m o r t a l i t y ,  was c h a r a c t e r i z e d  by a lag  phase in the  sp r ing  and a rap id  growth 
phase in  the  summer. Rhizome s tand ing  s tocks  were r e l a t i v e l y  cons tan t  
throughout th e  sampling per iod .  Seasonal p a t t e r n s  o f  ro o t  biomass were 
ap p aren t ly  asynchronous with those  o f  shoot biomass,  i n c re a s in g  from a 
minimum in Ju ly  t o  a peak in  January .  S pa r t ina  shoot  p r o d u c t i v i t y ,  
c h a r a c t e r i z e d  by a spr ing  and summer lag  phase and in t e r v a l  pe r iods  of r ap id  
growth, reached a peak in September. Seasonal p a t t e r n s  o f  r o o t  and rhizome 
biomass appa ren t ly  co incided  with  shoot p r o d u c t iv i t y ,  reaching  a peak in 
August and October,  r e s p e c t i v e l y .  P ro d u c t iv i ty  s t r a t e g i e s  appear  to  be 
adap t ive  provid ing each spec ie s  with c e r t a i n  com pet i t ive  advantages  in terms 
o f  re sou rce  u t i l i z a t i o n .
Compartmental models i n d i c a t e  t h a t  both Pe l tan d ra  and S p a r t i n a  take up, 
i n t e r n a l l y  cy c le ,  and r e l e a s e  to  t h e  environment,  s i g n i f i c a n t  l e v e l s  of  
n i t ro g en  and phosphorus.  P e l tand ra  appears to  conserve h ighe r  l e v e l s  o f  
n i t rogen  and phosnorus through t r a n s l o c a t i o n  than S p a r t i n a  and as such, 
appears t o  be more dependent on r e a l l o c a t i o n  and l e s s  dependent on de novo 
ro o t  uptake to  meet p r o d u c t iv i t y  n u t r i e n t  requ i rem en ts .  Release to  the  
environment i s  s h o r t  term in P e l tand ra  in comparison to  S p a r t i n a  due to  th e  
f a c t  t h a t  shoots  f a l l  t o  the  sediment su r face  and decompose more r a p id ly .  
Release o f  n i t rogen  and phosphorus through belowground m o r t a l i t y  in both 
P e l tand ra  and S p a r t in a  occurs over extended pe r iods  o f  t ime due to  slow 
decomposit ion r a t e s .  Models sugges t  t h a t  P e l tand ra  and S p a r t i n a  and t h e i r  
a s so c ia t e d  sediment compartments a re  capable  o f  r e g u la t i n g  n i t ro g en  and 
phosphorus f lu x es  through t h e i r  uptake and s to rag e  c a p a c i ty .
The r e l a t i o n s h i p  between biomass and n i t ro g en  ana phosphorus l e v e l s  was 
developed through t h e  c a l c u l a t i o n  o f  use and recovery  e f f i c i e n c y  indexes.  
Nitrogen use e f f i c e n c y  was s i g n i f i c a n t l y  h igher  in t h e  shoots  and roo ts  o f  
S p a r t in a  compared t o  P e l t a n d ra . while  rhizome use e f f i c i e n c y  was s l i g h t l y  
h igher  in P e l t a n d r a . Phosphorus use e f f i c i e n c y  was s i g n i f i c a n t l y  higher in 
shoots ,  r o o t s ,  and rhizomes o f  S o a r t i n a  than in P e l t a n d r a . Lower use
x v i i i
e f f i c i e n c y  in  P e l tand ra  demonst ra tes  a g r e a t e r  demand o f  n u t r i e n t  per u n i t  
biomass.  This demand r e f l e c t s  the  in c reased  l e v e l s  o f  n i t ro g en  and 
phosphorus r equ i red  f o r  pho tosyn thes is  and sugges ts  t h a t  P e l tan d ra  i s  not 
l i m i t e d  by n u t r i e n t  a v a i l a b i l i t y .  Nit rogen ana phosphorus recovery  
e f f i c i e n c y  was h igher  in P e l t a n d r a . E f f i c i en c y  indexes  sugges t  t h a t  
a l though S o a r t i n a  appears  t o  use n i t rogen  and phosphorus more e f f i c i e n t l y  
f o r  growth, P e l tand ra  recovers  and s t o r e s  t h e se  n u t r i e n t s  more e f f i c i e n t l y .
The r e l a t i o n s h i p  between t i s s u e  and sediment n i t ro g en  and phosphorus 
was determined through re g re s s io n  a n a l y s i s .  Apparently  P e l tand ra  shoot,  
r o o t ,  and rhizome t i s s u e  n u t r i e n t  l e v e l s  a re  independent o f  sediment 
n i t ro g en  and phosphorus a v a i l a b i l i t y .  S p a r t i n a  shoo t ,  r o o t ,  and rhizome 
n i t ro g en  l e v e l s ,  however, appear dependent on sediment t o t a l  n i t ro g en  and 
t o t a l  phosphorus,  the  r e l a t i o n s h i p  o f  Pe l tan d ra  t i s s u e  n u t r i e n t  l e v e l s  to  
sediment a v a i l a b i l t i y  i s  expla ined  in terms o f  the  rhizome s to ra g e  c ap a c i ty  
and r e a l l o c a t i o n  o f  n i t ro g en  and phosphorus t o  suppor t  p r o d u c t iv i t y  
p a t t e r n s .  S p a r t in a ,  however, must r e l y  more on de novo ro o t  uptake to  meet 
n u t r i e n t  demands.
Shoot,  r o o t ,  and rhizome n i t rogen  and phosphorus s tand ing  s tocks  were 
s t ro n g ly  c o r r e l a t e d  in  both Pe l tandra  and S oar t ina  whi le  sediment standing 
s tocks  were no t .  Nitrogen t o  phosphorus r a t i o s  were h igher  in  t h e  shoots  
than th e  r o o t s  and rhizomes o f  both Pe l tandra  and S p a r t in a  r e f l e c t i n g  the  
l e v e l s  o f  n i t rogen  r e q u i re d  to  support  p h o to sy n th e s i s .  Nitrogen to  
phosphorus r a t i o s  v a r i e d  over t h e  sampling pe r iod ,  however appeared to  
converge on an "optimum" r a t i o .  The c o r r e l a t i o n  o f  n i t rogen  and phosphorus 
sugges ts  an i n t e r a c t i o n  between these  n u t r i e n t s  a l though t h i s  r e l a t i o n s h i p  
i s  u n c lea r .  Apparently both Pe l tandra  and S oa r t ina  r e a l l o c a t e ,  as well as 
r e q u i r e ,  n i t rogen  and phosphorus in c e r t a i n  r a t i o s  which maximize 
p r o d u c t i v i t y ,  uptake,  and carbon a s s im i l a t i o n .
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NITROGEN AND PHOSPHORUS CYCLING STRATEGIES IN TWO TIDAL FRESHWATER 
MACROPHYTES, PELTANDRA VIRGINICA AND SPARTINA CYNOSUROIDES
In t roduc t ion
Tidal wet lands ,  an i n t e g r a l  component o f  A t l a n t i c  co as ta l  e s t u a r i n e  
systems, a re  g e n e r a l ly  viewed as t r a n s i t i o n a l  zones between open water and 
t e r r e s t i a l  environments.  D is t r ib u te d  along a s a l i n i t y  g r a d i e n t ,  these  v a s t  
ecosystems c o n s i s t  o f  s a l i n e  wetlands a t  one extreme, c h a r a c t e r i z e d  by 
ex ten s iv e  monotypic s tands  o f  S pa r t ina  a ! t e r n i f l o r a  and S p a r t in a  p a te n s , and 
f r eshw ate r  wetlands  a t  th e  o th e r  extreme, c h a r a c te r i z e d  by a mixed 
macrophyte community considered  to  be among the  most d iv e r s e  and productive  
in the  world (Klopatek,  1975; Whigham e t  a l . 1978). Typical dominant 
spec ie s  inc lude  Nuphar luteum, Zizania  a o u a t i c a . Pe l tan d ra  v i r a i n i c a . 
S pa r t ina  cvnosuro ides . Carex l a c u s t r i s . Tvpha 1a t i f o l i a . Scirpus  americanus. 
and Phraamites communis. This d i v e r s i t y  and a s s o c ia te d  seasonal 
p r o d u c t i v i t y ,  a f fo rd  t i d a l  f r eshw ate r  macrophyte communities c e r t a i n  
s t r u c t u r a l  and func t iona l  a t t r i b u t e s ,  among them th e  a b i l i t y  t o  a c t  as a 
b io lo g ic a l  dep o s i to ry  where p l a n t  n u t r i e n t s ,  e s p e c i a l l y  n i t rogen  and 
phosphorus,  a re  cycled (P rentk i  e t  a l . 1978). As such, t i d a l  f r eshw ate r  
wetlands play  an important  r o l e  in main ta in ing  the  eco log ica l  ba lance  wi th in  
e s t u a r in e  systems.
Tidal f r e shw a te r  wetlands are  def ined  by the  p e r io d i c  inundation of 
shallow, f r e sh w a te r  and a water  t a b l e  a t ,  o r  near ,  t h e  sediment su r face .
The r e s u l t i n g  s a t u r a t i o n  produces a s u b s t r a t e  o f  predominantly hydr ic  
sediments which a re  ab le  to  support  an ex ten s iv e  macrophyte community
2
3through th e  m u l t i - l e v e l  biogeochemical c y c l in g  o f  n u t r i e n t s  (Bowden, 1982). 
The coupling o f  n u t r i e n t  cyc l ing  within  t h e  sediment compartment to  
macrophyte p r o d u c t i v i t y  endows t i d a l  f r e sh w a te r  wetlands  with t h e  a b i l i t y  t o  
impact the  f low o f  energy and n u t r i e n t s  w i th in ,  and out o f  th e  system. 
Indeed, one o f  the  v a lu es  most o f t e n  a t t r i b u t e d  to  t h e s e  wetlands  i s  t h a t  o f  
r e g u la t i n g  excess ive  n u t r i e n t  f l u x e s .  This  has led  t o  the  popula r  
hypothes is  t h a t  th e se  wetlands may be modelled as seasonal  n u t r i e n t  sources  
o r  s inks ,  o r ,  in some cases ,  bo th  (Simpson e t  a l .  1978; Van d e r  Valk e t  a l .  
1979; Odum e t  a l .  1984),  ye t  t h e  underly ing sediment and community mechanics 
o f  these  models are poor ly  unders tood.
The genera l  e s t u a r i n e  n u t r i e n t  model f o r  t i d a l  wetlands  was developed 
from work on s a l i n e ,  mesohal ine ,  and b rack ish  wetlands (Axelrad e t  a l .  1976; 
Haines e t  a l . 1977; Stevenson e t  a l .  1977; deLaune and P a t r i c k ,  1980; Nixon,
1980).  This  model env is ions  t h e  import o f  l a r g e  q u a n t i t i e s  o f  d is so lved  
inorgan ic  n i t r o g e n ,  as ammonium, n i t r i t e ,  and n i t r a t e ,  and phosphate ,  as 
o r thophospha te ,  to  t h e  sediment compartment p r i o r  t o  th e  growing season as a 
r e s u l t  o f  t i d a l  f lu sh in g  and groundwater in p u t s  (Stevenson e t  a l . 1978; Odum 
e t  a l .  1984).  Within t h e  sediment compartment n i t ro g en  and phosphorus 
undergo microbia l  and b io lo g ica l  a l t e r a t i o n  with subsequent uptake by the  
macrophyte community suppor t ing  t h e  seasonal  production o f  above- and 
belowground biomass. Uptake by t h e  macrophyte community r e s u l t s  in 
temporary s to r a g e  o f  s i g n i f i c a n t  l e v e l s  o f  reduced n i t ro g en  and phosphorus 
(Klopatek,  1978; Pren tk i  e t  a l . ,  1978; Nixon, 1980; P a t r i c k  and DeLaune, 
1980; Gal lagher  e t  a l . 1980; Hopkinson and Schubauer,  1984). Fall  
senescence r e s u l t s  in th e  r e l e a s e  of  s i g n i f i c a n t  l e v e l s  o f  reduced n i t rogen  
and phosphorus to  th e  environment through decomposit ion and le ach ing  (Mason
4and Bryant,  1975; Dunn, 1976; Odum and Heywood, 1978; Turner ,  1978; Hackney 
and de l a  Cruz, 1980; Walker, 1984) which may be exported  v ia  t i d a l  f l u s h in g  
t o  a d ja c e n t  w a te r s  (Stevenson e t  a l .  1977; Simpson e t  a l .  1978; Haines e t  
a l . ,  1977) o r  in co rp o ra ted  i n to  th e  sediment through sed im en ta t io n  (Boto and 
P a t r i c k ,  1979; DeLaune e t  a l . 1981) and geochemical p ro c e sse s  (Keeney, 1973; 
P a t r i c k  and Reddy, 1976; R osen f ie ld ,  1979; Krom and Berner ,  1981; Boatman 
and Murray, 1982; Bowden, 1982).
The e s t u a r i n e  model, which in  r e c e n t  y e a r s  has in co rp o ra ted  c e r t a i n  
a sp e c t s  o f  f r e s h w a te r  d a t a  (Klopatek,  1974, 1975; P ren tk i  e t  a l . ,  1978; 
Richardson e t  a l . ,  1978; Whigham and Bayley,  1979; Walker,  1981; Bowden, 
1982; Odum e t  a l . ,  1984), r e f l e c t s  t h e  assumption t h a t  t i d a l  f r e sh w a te r  
w e t lands  fu n c t io n  in a manner s i m i l a r  t o  s a l i n e  and b ra c k ish  wet lands .
There i s  ev idence ,  however, t h a t  the  two approaches t o  n u t r i e n t  cy c l in g  may 
be d i f f e r e n t .  Bowden (1982) ,  f o r  example,  sugges ted  t h a t  ammonium uptake by 
f r e s h w a te r  wetland sediments  p r i o r  t o  th e  growing season i s  u n l i k e l y  due to  
th e  e s t a b l i s h m e n t  o f  c o n ce n t r a t io n  g r a d i e n t s  which, in  e f f e c t ,  i n h i b i t  th e  
d i f f u s i o n  o f  ammonium to  th e  sediments .  He demonstra ted  t h a t  t h e s e  
sed im ents  produce s u f f i c i e n t  q u a n t i t i e s  o f  ammonium through microbia l  
a c t i v i t y  to  suppor t  macrophyte p r o d u c t i v i t y .  Klopatek (1975) r e p o r te d  
s e a s o n a l ly  high l e v e l s  o f  a v a i l a b l e  ino rg an ic  phosphorus main ta ined  in 
f r e s h w a te r  sediments  sugges t ing  t h a t  t h e se  wetlands  have evolved mechanisms 
f o r  r e t a i n i n g  phosphorus w i th in  i t s  boundar ie s .  As t h e s e  l e v e l s  were f a r  in 
excess  o f  those  re q u i r e d  by the  macrophyte community, sediment uptake  o f  
l a r g e  q u a n t i t i e s  o f  phosphate  seems u n l i k e l y .  In a d d i t i o n ,  da ta  from 
seve ra l  s t u d i e s  sugges t  t h a t  a l a rg e  pe rcen tag e  o f  n i t r o g e n  and phosphorus 
in aboveground s h o o t s ,  and p o s s ib ly  r o o t s ,  i s  t r a n s l o c a t e d  to  t h e  rhizome
5compartment during senescence,  r a t h e r  than l o s t  t o  the  d e t r i t a l  compartment 
and subsequent decomposition (Klopatek,  1975; Prentk i  e t  a l . ,  1978; Van d e r  
L inden,1980; K i s t r i t z  e t  a l .  1983; Davis and van der Valk,  1983; DeLaune e t  
a l . ,  1986).  As such, perennia l  macrophyte communities may r e l y  on in te rn a l  
c y l ing  to  meet much o f  t h e i r  n u t r i e n t  demand r a t h e r  than depending on de 
novo ro o t  uptake to  support  seasonal  p r o d u c t i v i t y .  Thus, the  t im in g  of 
n i t ro g en  and phosphorus uptake,  s to ra g e ,  and r e l e a s e  by t i d a l  f r eshw ate r  
wetlands may be d i f f e r e n t  than t h e i r  s a l i n e  c o u n te r p a r t s  which, in  tu rn ,  
a f f e c t s  n u t r i e n t  f lu x e s  and w a te r  q u a l i t y .
Addi t iona l  da ta  on t i d a l  f r e sh w a te r  wetlands i s  necessary  towards an 
unders tanding  o f  t h e i r  r o l e  in  n u t r i e n t  cyc l ing  and i n v e s t i g a t i o n s  in to  t h i s  
r o l e  over t h e  pas t  t e n  year s  have provided s u f f i c i e n t  b a se l in e  d a t a  upon 
which to  b u i ld  f u tu r e  re sea rch  e f f o r t s .  The common th read  o f  t h e se  resea rch  
e f f o r t s  appears  to  be t h e  dominant r o l e  o f  the  f r eshw ate r  macrophyte 
community and a s so c ia t e d  sediment compartments in  n u t r i e n t  cy c l in g  as well 
as most biogeochemical p rocesses  (Klopatek and S tea rns ,  1978). As a r e s u l t ,  
severa l  b a s i c  g e n e r a l i z a t i o n s  regard ing  t i d a l  f r eshw ate r  community n u t r i e n t  
dynamics have evolved. I t  i s  g e n e r a l ly  accepted t h a t  t h e  macrophyte 
community a c t s  as a n u t r i e n t  "pump" r e g u la t i n g  t h e  flow o f  n i t r o g en  and 
phosphorus from the  sediment t o  the  p l a n t ,  between p l a n t  compartments, and 
to  the  environment through leaching  and death .  This pumping mechanism seems 
to  provide c e r t a i n  adap t ive  advantages by provid ing  an adequate supply of  
n u t r i e n t s  during c h a r a c t e r i s t i c  per iods  o f  r a p id  growth, conserv ing 
n u t r i e n t s  through t r a n s l o c a t i o n  and s to ra g e ,  and r e g u la t i n g  excess ive  
n u t r i e n t  f lu x e s  (Howard-Williams, 1985). On th e  assumption of  s teady  s t a t e ,  
de novo r o o t  uptake from the  sediment compartment i s  necessary  t o  account
6f o r  macrophyte l o s s e s  through leach ing  and dea th .  The sediment compartment 
must t h e r e f o r e  be r e p le n i sh e d  with an a v a i l a b l e  pool o f  ino rgan ic  n u t r i e n t s  
e i t h e r  th rough uptake from th e  surrounding environment o r  microbial  
decomposit ion of  organic  m a t te r  al though th e  t im ing mechanisms a re  un c lea r .
Although th e se  g e n e r a l i z a t i o n s  may apply t o  t i d a l  f r e sh w a te r  macrophyte 
communities as a whole,  i t  i s  u n l ik e ly  t h a t ,  due to  t h e  extreme d i v e r s i t y  
and v a r i a t i o n s  in loca l  environments ,  a l l  sp ec ie s  have adapted i d e n t i c a l  
n u t r i e n t  s t r a t e g i e s .  R e la t iv e ly  few ind iv idua l  s p e c ie s ,  however, have been 
q u a n t i t a t i v e l y  modelled as to  annual compartmental n u t r i e n t  f lows.
Likewise,  l i t t l e  in format ion  i s  a v a i l a b l e  on n u t r i e n t  e f f i c i e n c y  indexes 
d e s p i t e  t h e  f a c t  t h a t  th e se  indexes provide i n s i g h t  i n to  r e l a t i v e  
p r o d u c t i v i t y  and n u t r i e n t  s t r a t e g i e s  o f  t i d a l  f r e sh w a te r  macrophytes.  
C lea r ly ,  modell ing  annual n i t ro g en  and phosphorus s u b s t r a t e  dynamics f o r  
ind iv idua l  macrophyte spec ies  and t h e i r  a s s o c ia te d  sediment compartments are  
necessary  n o t  only t o  an unders tanding  o f  th e  r o l e  o f  macrophytes in 
n u t r i e n t  cy c l in g ,  but in developing the  r e l a t i o n s h i p  between t i s s u e  
n u t r i e n t s  and sediment a v a i l a b i l i t y  as well  as t h e  r e l a t i o n s h i p  between 
n i t rogen  and phosphorus dynamics. This approach t o  n i t r o g en  and phosphorus 
dynamics i s  e s p e c i a l l y  important in  areas  with e x ten s iv e  t i d a l  f reshw ate r  
wet lands ,  l i k e  V i rg in ia .
In V i rg in i a ,  t i d a l  f r eshw ate r  wetlands  are  e s t im ated  to  be o ne -qua r te r  
o f  the  Commonwealth’ s complement o f  wetlands ,  y e t  l i t t l e  or no da ta  i s  
a v a i l a b l e  as  to t h e i r  ro le  in n u t r i e n t  cyc l ing  (Hershner ,  1986).  Due to  
t h e i r  s i z e ,  l o c a t i o n ,  and high seasonal macrophyte p r o d u c t iv i t y  (Doumlele,
1981),  t h e s e  wetlands have th e  p o t e n t i a l  t o  s i g n i f i c a n t l y  impact n i t rogen  
and phosphorus cy c l in g  w i th in  the  Chesapeake Bay e s t u a r i n e  system. As a
7r e s u l t ,  th e  q u a n t i f i c a t i o n  o f  n i t ro g en  and phosphorus dynamics w i th in  the  
macrophyte community should c l a r i f y  t h e  mechanisms by which t i d a l  f r eshw ate r  
wetlands r e g u l a t e  w a ter  q u a l i t y  and eco log ica l  s t a b i l i t y  w i th in  an e s tu a r in e  
system. I t  i s  t h e r e f o r e  th e  purpose o f  t h i s  study t o  a s s e s s  annual n i t rogen  
and phosphorus s u b s t r a t e  dynamics f o r  two o f  th e  dominant macrophyte spec ies  
in t i d a l  f r e sh w a te r  wet lands ,  P e l tand ra  v i r a i n i c a  and S p a r t i n a  cv nosu ro ides . 
The r e s u l t i n g  assessment should provide  i n s i g h t  as t o  comparative cycl ing  
s t r a t e g i e s  o f  ind iv idua l  macrophytes while sugges t ing  bes t  management 
p r a c t i c e s  f o r  t i d a l  f r e sh w a te r  wetlands .
L i t e r a t u r e  Review
Wetland Macrophyte P r o d u c t i v i t y
The r e a l i z a t i o n  t h a t  s t r u c t u r a l  and func t iona l  a t t r i b u t e s  o f  t i d a l  
in f luenced  wetlands may be b e s t  expressed by measures of  macrophyte 
p r o d u c t iv i t y  and t h a t  p r o d u c t iv i t y  va lu es ,  in  tu rn ,  o f f e r  a q u a n t i t a t i v e  
s t a r t i n g  p o in t  f o r  f u r t h e r  i n v e s t i g a t i o n  (Klopatek and S te a rn s ,  1978), has 
r e s u l t e d  in an e x ten s iv e  l i s t  o f  aboveground macrophyte p r o d u c t i v i t y  values  
(Keefe, 1972; Turner,  1976; Whigham e t  a l .  1978; Richardson,  1979; Odum e t  
a l .  1984).  Es timates  o f  belowground p r o d u c t iv i t y ,  however, are  sca rce  
d e s p i t e  the  importance of  t h i s  component to  t o t a l  annual p roduc t ion  (de l a  
Cruz and Hackney, 1977; de l a  Cruz, 1978; Gallagher  and Plumley, 1979; Good 
e t  a l . 1982). As e s t im a te s  o f  annual p r o d u c t iv i t y  a r e  e s s e n t i a l  in  the  
a n a ly s i s  and modelling of  energy, carbon, and n u t r i e n t  f lows (L inhurs t  and 
Reimold, 1978),  a ccu ra te  assessment o f  the  p r o d u c t i v i t y  component becomes 
in c re a s in g ly  impor tan t .
A review o f  the  l i t e r a t u r e  shows t h a t  a wide v a r i e t y  o f  methods have 
been proposed f o r  e s t im a t ing  macrophyte p r o d u c t iv i t y  inc lud ing  those  of;  
peak biomass, c o n s i s t i n g  o f  a s in g le  h a rv e s t ;  Smalley (1959),  which 
cons ide rs  changes in l i v e  and dead m ate r ia l  over  an annual growth cycle ;  
Milner and Hughes (1968),  which involves  the  summation of  t h e  p o s i t i v e  
increments in  l i v e  m ate r ia l  over an annual growth c y c le ;  Wiegert and Evans 
(1964),  which c a l c u l a t e s  an in s tan taneous  r a t e  o f  d isappearance  o f  dead
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9m a te r ia l  from permanent p l o t s ;  Lomnicki e t  al .(1968}» a  m od i f ica t ion  o f  the  
Wiegert and Evans method which e s t im a te s  p ro d u c t iv i t y  by summing m o r t a l i t y  
and th e  change in l i v e  m ate r ia l  from p a i re d  p l o t s ;  V a l i e l a  e t  a l .  {1975}, 
which e s t im a te s  p r o d u c t i v i t y  from t o t a l  m o r t a l i t y .  These methods have 
r e s u l t e d  in  a wide d i s p a r i t y  of p roduc t ion  va lues  when app l ied  to  a s i n g l e  
spec ie s  (Singh e t  a l .  1975; L inhurs t  and Reimold, 1978a; White e t  a l . 1978; 
Shew e t  a l . 1981). As a r e s u l t ,  meaningful comparisons o f  p r o d u c t i v i t y  
va lues  and n u t r i e n t  s u b s t r a t e  dynamics based on p r o d u c t iv i t y  e s t im a te s  are  
d i f f i c u l t .
The problem w ith  most of  th e  methods i s  t h a t  they were developed f o r  
work in t e r r e s t i a l  ecosystems. As such, they do not account f o r  the  
in f lu en c e  o f  t i d a l  f l u s h in g ,  decompos it ion,  or o th e r  environmental  
c o n d i t io n s .  As th e se  f a c t o r s  d i r e c t l y  a f f e c t  p r o d u c t i v i t y  e s t im a te s ,  i t  
e s s e n t i a l  t h a t  a method be s e l e c t e d  t h a t  i s  s u i t a b l e  f o r  a p a r t i c u l a r  
environment and s p e c ie s .  S im i l a r ly ,  t h e r e  are  few s tanda rd ized  methods f o r  
o b ta in ing  accu ra te  e s t im a te s  o f  belowground p r o d u c t i v i t y  and f o r  t h i s  reason 
many s tu d i e s  have simply ignored t h i s  component (de l a  Cruz, 1978). 
Modif ica t ions  o f  a v a i l a b l e  methods have been used with some degree o f  
success  (Birch and Cooley, 1982),  y e t  th e  problems a s so c ia te d  with 
a c c u r a t e ly  e s t im a t in g  p r o d u c t iv i t y  remain.  A review o f  the  l i t e r a t u r e  
should permit  an e v a lu a t io n  o f  t h e  a v a i l a b l e  p r o d u c t i v i t y  va lues  w i th in  the  
co n tex t  o f  c e r t a i n  environmental  pa ramete rs  and sampling method while 
provid ing  r a t i o n a l e  f o r  f u t u r e  p ro d u c tv i ty  s t u d i e s .
Aboveground P r o d u c t iv i ty
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Net a e r i a l  primary production  (NAPP) e s t im a te s  f o r  wetland macrophytes 
are  h igh ly  v a r i a b l e  due to  d i f f e r e n c e s  in  sediment and hydro log ic  regime, 
geographic  l o c a t i o n ,  community ty p e ,  l i f e  h i s t o r y ,  and b io lo g ic a l  
i n t e r a c t i o n ,  y e t  comparison o f  p r o d u c t iv i t y  e s t im a te s  must,  in  theo ry ,  
c o n s id e r  t h e se  as  well as a l l  p h y s i c a l ,  chemical ,  g e o lo g ic a l ,  and b io lo g ica l  
paramete rs  (de l a  Cruz, 1978). S im i la r ly ,  method and sampling in t e r v a l  must 
be considered  s in ce  they  have been shown to  d i r e c t l y  a f f e c t  p ro d u c t iv i t y  
e s t i m a te s .  For t h i s  reason comparison o f  p r o d u c t i v i t y  e s t im a te s  must be 
q u a l i t a t i v e  and a mean va lue  from the  l i t e r a t u r e  i s  o f t e n  used f o r  comparing 
r e c e n t l y  obta ined  va lues  (Whigham e t  a l .  1978).
S a l in e  wetlands  a re  g e n e r a l ly  dominated by r e l a t i v e l y  monotypic s tands
o f  S p a r t in a  a l t e r n i f l o r a . S p a r t in a  o a t e n s . D i s t i c h i l i s  s o i c a t a . and Juncus 
roemerianus . These sp ec ie s  have been shown t o  be extremely p roduc t ive  over  
an annual growth cyc le ,  al though e s t im a te s  o f  aboveground p ro d u c t iv i t y  a re  
v a r i a b l e  (Keefe, 1972). The v a r i a b i l i t y  can u su a l ly  be a t t r i b u t e d  to  th e  
d i f f e r e n t  degree of  s t r e s s e s  faced by s a l i n e  macrophytes,  which inc lude  
s a l i n i t y ,  tempera ture ,  and n u t r i e n t  l i m i t a t i o n  (Chapin e t  a l . ,  1987). As 
with o th e r  macrophyte sp ec ie s ,  t h e r e  i s  probably no one bes t  e s t im a te  o f  
p r o d u c t iv i t y ,  but r a t h e r  va lues  which may be compared on th e  b a s i s  of
environmental  co n d i t io n s  and sampling method.
NAPP es t im a te s  f o r  S p a r t in a  a l t e r n i f l o r a  range from 450 g/m2 in
Delaware (Morgan, 1951; in  Walker, 1981) to  3700 g/m2 f o r  the  creekbank t a l l  
form in  Georgia using the  Wiegert and Evans (1964) method (Gallagher  e t  a l .
y
1980). In te rm edia te  annual e s t im a te s  inc lude  1169 g/m f o r  th e  t a l l  form in
O
V irg in i a  based on l e a f  shedding and m o r t a l i t y  (Reidenbaugh, 1983), 1089 g/m
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f o r  th e  t a l l  form in M iss i s s ipp i  using th e  Milner and Hughes (1968) method
(de l a  Cruz,  1974), and 2658 g/m2 in Louis iana us ing  the  Wiegert and Evans 
(1964) method (Hopkinson e t  a l .  1978).  The v a r i a b i l i t y  in p r o d u c t iv i t y  
e s t im a te s  demonst ra te  t h e  problems a s so c ia te d  with a la ck  o f  s tanda rd ized  
parameters  in t h e  e s t im a t io n  o f  aboveground p r o d u c t i v i t y .  For t h i s  reason , 
th e  most usefu l e s t im a te s  o f  aboveground p r o d u c t i v i t y  a re  o f t e n  those  t h a t  
compare severa l  methods w i th in  t h e  same wetland o r  compare spec ies  
p r o d u c t i v i t y  in  s i m i l a r  wetland types  but under a broad l a t i t u d i n a l  range.
L inhurs t  and Reimold (1978a) compared f i v e  h a rv e s t  methods (peak 
s tand ing  crop ,  Milner and Hughes (1968),  Smalley (1959),  V a l i e l a  e t  a l .
(1975),  and Wiegert and Evans (1964)) in t h e  e s t im a t io n  o f  NAPP f o r  Sp a r t in a  
a l t e r n i f l o r a  on a creekbank in Maine. They r e p o r te d  annual p r o d u c t iv i t y
e s t im a te s  o f  431 g/m f o r  both t h e  peak s tand ing  crop and th e  Milner and
Hughes method. Higher va lues  o f  758 g/m were rep o r ted  f o r  both the  Smalley
and the  V a l i e l a  e t  a l .  methods and 1602 g/m us ing th e  Wiegert and Evans 
method. As th e  l a t t e r  was considered th e  only method which incorpora ted  the 
components necessa ry  f o r  a s a t i s f a c t o r y  e s t im a te  o f  NAPP, i . e .  m o r t a l i t y ,  
t h i s  production e s t im a te  was considered to  be the  most a c c u ra te .  In a 
s i m i l a r  s tudy ,  Shew e t  a l .  (1981) compared f i v e  h a rv e s t  methods (peak 
s tand ing  c rop ,  Milner and Hughes (1968),  Smalley (1959),  Wiegert and Evans 
(1964),  and Lomnicki e t  a l . ,  1968).  R esu l t s  i n d ic a ted  t h a t  peak s tanding  
crop , Milner and Hughes, and Smalley methods s ev e re ly  underest imated annual
product ion  with e s t im a te s  o f  242, 214, and 224 g/m2 , r e s p e c t i v e l y .  The 
methods o f  Wiegert and Evans and Lomnicki e t  a l . ,  however, were thought to  
o ve res t im a te  annual p r o d u c t iv i t y .  A m odif ica t ion  o f  the  Lomnicki e t  a l .
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method provided th e  b e s t  e s t im a te  a t  454 g/m / y e a r .  White e t  a l .  (1978)
or e p o r te d  annual product ion  e t im a tes  o f  1473, 1527, and 2859 g/m f o r  
S p a r t in a  a l t e r n i f l o r a  us ing peak s tand ing  crop ,  Smalley, and Wiegert and 
Evans methods, r e s p e c t i v e l y .  The au thors  a t t r i b u t e d  th e  d i s p a r i t y  in 
p roduc t ion  e s t im a te s  t o  t h e  in c lu s io n  o f  m o r t a l i t y  in th e  l a t t e r .
NAPP va lues  f o r  S p a r t i n a  p a t e n s , l i k e  S p a r t i n a  a l t e r n i f l o r a . have been 
shown t o  vary  accord ing to  lo c a t io n  and method used. Walker and Good (1976)
2re p o r te d  annual p r o d u c t i v i t y  e s t im a te s  as  low as 388 g/m in  an upper 
e s tu a r y  o f  New J e r s e y ,  while de l a  Cruz (1974), us ing th e  method o f  Milner
2
and Hughes (1968) es t im ated  annual production  a t  1922 g/m in  M is s i s s ip p i .  
Using t h e  Will iams and Murdoch (1972) method to g e th e r  with e s t im a te s  o f
m o r t a l i t y ,  Hopkinson e t  a l .  (1980) c a l c u l a t e d  annual p roduct ion  a t  4159 g/m 
in  Louis iana  with an annual tu rnove r  o f  4 .16 .  Using th e  Wiegert and Evans 
(1964) methods, Hopkinson e t  a l .  (1978) r e p o r te d  a maximum l i t e r a t u r e  annual
product ion  e s t im a te  o f  6043 g/m f o r  Sp a r t in a  p a t e n s . The authors  concluded 
t h a t  t h e  r e s u l t i n g  high tu rnove r  r a t e  demonst rated the  importances o f  
inc lud ing  in t e r v a l  m o r t a l i t y  in the  e s t im a te  o f  annual p r o d u c t i v i t y .
Several  s t u d i e s  have compared annual p r o d u c t i v i t y  f o r  S p a r t in a  patens 
in one lo c a t i o n  using d i f f e r e n t  methods and a t  severa l  l o c a t i o n s  using 
d i f f e r e n t  methods. In the  White e t  a l .  (1978) s tudy, annual p r o d u c t iv i ty
2
e s t im a te s  were 2194, 1342, and 1428 g/m in a Louis iana s a l t  marsh using the 
methods o f  peak biomass,  Smalley (1959),  and Wiegert and Evans (1964),  
r e s p e c t i v e l y .  L inhurs t  and Reimold (1978b) compared annual production  of  
Sp a r t in a  pa tens  in Maine, Delaware, and Georgia using seve ra l  d i f f e r e n t
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methods.  In Maine, annual product ion  was e s t im ated  a t  912, 912, 3523, 2523,
2
and 5833 g/m us ing th e  methods o f  peak biomass,  Milner and Hughes (1968),  
Smalley (1959),  V a le i l a  e t  a l .  (1975),  and Wiegert and Evans (1964),
r e s p e c t i v e l y .  In Delaware,  production  e s t im a te s  were 807, 522, 980, 1241,
2
and 2753g/m / y e a r ,  while  in Georgia,  va lues  were 946, 705, 1674, 1028, and
2
3925 g/m / y e a r ,  us ing th e  same methods, r e s p e c t i v e l y .  As th e  maximum values  
in t h i s  s tudy r e p r e s e n t  p r o d u c t iv i t y  based on m o r t a l i t y ,  they  a re  probably  
th e  most a cc u ra te  e s t im a te s  o f  annual p r o d u c t iv i t y .
Estimates  o f  annual production  f o r  o t h e r  s a l i n e  macrophytes a re  l e s s
numerous. Production  e s t im a te s  f o r  D i s t i c h l i s  s p i c a t a  inc lude  1484 g/m2year
in M iss i s s ipp i  (de l a  Cruz, 1974) and 1967 g/m2/ y e a r  in Louisiana  (Hopkinson 
e t  a l . 1980). L inhurs t  and Reimold (1978b),  in t h e i r  comparative s tudy 
rep o r ted  annual production  e s t im a te s  f o r  D i s t i c h l i s  a t  856, 864, 1274, 1191,
and 2017 g/m2 in  Delaware and 395, 283, 1258, 988, and 4378 g/m2 in Georgia
using the  methods o f  peak s tand ing  crop , Milner and Hughes (1968),  Smalley 
(1959),  V a l i e l a  e t  a l .  (1975),  and Wiegert and Evans (1964),  r e s p e c t i v e l y .  
White e t  a l . (1978) rep o r ted  annual p r o d u c t i v i t y  e s t im a te s  o f  1164, 1292,
2
and 1162 g/m in  Louis iana us ing th e  methods o f  peak s tand ing  crop, Smalley,
and Wiegert and Evans, r e s p e c t i v e l y .  Annual product ion  e s t im a te s  f o r  Juncus
2 2 roemerianus range from 1697 g/m (de l a  Cruz, 1974) and 2200 g/m (Gallagher
e t  a l .  1980). to  3295 g/m2 (Hopkinson e t  a l . (1980).  In t h e i r  comparative
s tudy ,  White e t  a l .  (1978) r e p o r te d  va lues  o f  1959, 1740, and 1806 g/m2/ y e a r  
fo r  Juncus us ing  th e  methods o f  peak s tand ing  crop, Smalley, and Wiegert and
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Evans, r e s p e c t i v e l y .  The l a t t e r  s tudy i n d i c a t e s  t h a t  m o r t a l i t y  c o n t r ib u te d  
l i t t l e  to  th e  annual e s t im a te  o f  primary p r o d u c tv i ty  in  Ju n cu s .
Brackish and f re sh w a te r  t i d a l  wetlands a re  dominated by an extremely 
d iv e r s e  macrophyte community. Dominant spec ie s  in c lude  S p a r t i n a  
cvnosuro ides . Pe l tandra  v i r q i n i c a . Ponteder ia  c o r d a ta ,  Nuphar advena.
Z izan ia  a q u a t i c a . Phragmites communis and Tvoha s p p . .  Increased  i n t e r e s t  in 
b rack ish  and f re sh w a te r  wetlands in  recen t  yea r s  has r e s u l t e d  in an 
ex ten s iv e  l i s t  o f  macrophyte p r o d u c t iv i t y  e s t im a te s  (Whigham e t  a l .  1978; 
Richardson, 1979; McCormick and Somes, 1982). Product ion e s t im a te s  have 
been r e p o r te d  t o  be extremely high o f ten  exceeding product ion  o f  s a l i n e  
macrophytes (Whigham e t  a l .  1978; Odum e t  a l . 1984),  c l a s s i f y i n g  t i d a l  
f r e sh w a te r  wetlands among the  most p roduc t ive  a re a s  in  t h e  world (Klopatek,  
1975). As with s a l i n e  macrophytes,  a v a i l a b l e  e s t im a te s  o f  t i d a l  f r eshw ate r  
macrophyte p r o d u c t iv i t y  a r e  v a r i a b l e  due t o  loca l  environmental  c o n d i t io n s ,  
and may over-  o r  underest imate  p r o d u c t i v i t y  depending on sampling method.
For example, in a d iv e r s e  t i d a l  f r e sh w a te r  macrophyte community, t h e  use o f  
peak s tand ing  crop wil l  miss not only senesced v e g e ta t io n  but a l so  
r ec ru i tm en t  fo llowing  peak biomass, i . e .  bimodal peaks (Walker, 1981), and 
sp ec ie s  which dominate a t  a l a t e r  t ime (Whigham e t  a l .  1978).  As in te rv a l  
m o r t a l i t y  i s  o f t e n  s i g n i f i c a n t  in t i d a l  f r e sh w a te r  and brack ish  wet lands ,  i t  
i s  e s s e n t i a l  t h a t  t h i s  component be inc luded in e s t im a te s  o f  annual 
p roduc t ion .  S im i la r ly ,  decomposit ion r a t e s  which a re  dependent on 
morphology, (Dunn, 1978; Turner,  1978; Odum and Heywood, 1978), must a lso  be 
considered .  Compounding th e  problem i s  th e  f a c t  t h a t  un l ik e  th e  r e l a t i v e  
monotypic macrophyte s tan d s  found in s a l i n e  we t lands ,  t i d a l  f r eshw ate r
15
macrophyte s tands  may c o n s i s t  o f  many spec ie s  and annual p r o d u c t i v i t y  
e s t im a te s  must be eva lua ted  on th e  mixture  p re sen t .
S p a r t i n a  cv nosu ro ides . a dominant spec ies  in  most b rack ish  and 
f r eshw ate r  wet lands ,  g e n e r a l ly  occurs  in monotypic s tands  and annual 
production e s t im a te s  f o r  t h i s  s p ec ie s  a re  v a r i a b l e .  Using t h e  Milner and 
Hughes (1968) method, de l a  Cruz (1974) repor ted  annual production  to  be
2190 g/m in M is s i s s ip p i .  Hopkinson e t  a l . (1978),  using th e  Wiegert and
o
Evans (1964) method, e s t im ated  p r o d u c t i v i t y  t o  be 1355 g/m in  a Louisiana 
coas ta l  marsh. Flemer e t  a l .  (1978),  us ing peak biomass,  r e p o r te d  annual
p r o d u c t iv i t y  to  be 951 g/m , while McCormick (personal  o b se rva t ion ,  in
Whigham e t  a l . 1978) c a l c u l a t e d  an annual production r a t e  o f  3543 g/m2 .
Odum and Fanning (1973) combining peak s tand ing  crops  with dead biomass
es t imated  annual production  to  be 1175 g/m . Schubauer and Hopkinson (1984)
2
es t im ated  annual production  a t  3080 g/m with  an annual tu rnove r  r a t e  o f  
5.35 (annual p roduct iv i ty /mean  biomass).
Pe l tandra  v i r q i n i c a  a l so  dominates t i d a l  f r e shw a te r  wetlands and 
e s t im a te s  o f  annual production a re  extremely v a r i a b l e .  Due t o  growth 
p a t t e r n s  and morphology, which u s u a l ly  r e s u l t  in pe r iods  o f  rap id  growth and 
ex ten s iv e  shade cover,  t h e se  sp ec ie s  are  o f ten  found as ro b u s t  monotypic 
s tands along creekbanks,  however may a lso  be found in  mixed communities.
Good and Good (1975),  us ing  peak s tanding  crop,  rep o r ted  annual production
f o r  Pe l tandra  between 819 and 1286 g/m2. Flemer e t  a l .  (1978),  in  a study
of  two t r i b u t a r i e s  o f  the  Chesapeake Bay, e s t im ated  annual production  a t  988
2 2 g/m , no t  inc lud ing  dead biomass o f  132 g/m . Doumlele (1981),  sampling a
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s e r i e s  o f  t r a n s e c t s ,  e s t im ated  t h a t  Pe l tandra  v i r o i n i c a  accounted f o r  55%,
0
or 423 g/m / y e a r ,  o f  t o t a l  macrophyte p roduc t ion .  Whigham and Simpson
p
(1975),  us ing peak s tand ing  crop,  e s t imated  product ion  a t  650 g/m / y e a r .  In 
a more re c e n t  s tudy ,  Walker (1981) us ing m u l t ip l e  h a r v e s t s  through peak
p
s tand ing  crop , rep o r ted  annual production r a t e s  o f  452 g/m a t  a s i t e  with
p
poor ly  d ra ined  sediments and 637 g/m a t  a well  well d ra ined  s i t e .  None o f  
th e  above s t u d i e s ,  however, s u f f i c i e n t l y  account f o r  i n t e r v a l  m o r t a l i t y ,  
which has been shown t o  be extremely  high in  Pe l tandra  ( P i c k e t t , 1984; 
Wohlgemuth, 1989).  The Wohglemuth s tudy,  which employed permanent 
qu ad ra t s ,  followed tagged shoots  o f  Pe l tandra  through t h e  growing season and 
es t im ated  monthly and annual production  base on m o r t a l i t y .  Turnover was 
e s t im ated  to  be approximate ly  2.24 ,  (annual p r o d u t i v i t y /p e a k  biomass) 
Product ion va lues  f o r  Ponteder ia  c o r d a t a . a sp ec ie s  with  s i m i l a r  morphology,
are  r e l a t i v e l y  sca rce  with annual e s t im a te s  o f  35 g/m2 in  a Chesapeake Bay
p
mixed community (Doumlele, 1981) and 63 g/m in New J e r s e y  ( J e r v i s ,  1969).
Addit ional sp ec ie s  which dominate b rackish  and f r e sh w a te r  wetlands  a re  
a l so  c h a r a c te r i z e d  by high annual p r o d u c t i v i t y .  Using a s eq uen t ia l  ha rves t ,  
Good and Good (1975) rep o r ted  annual production in Nuohar advena t o  reach
p
605 g/m in New Je r s e y  whi le  McCormick (1970) es t imated  product ion  a t  1175
2
g/m in Delaware. Annual p r o d u c t i v i t y  e s t im a te s  f o r  Z izan ia  a o u a t i ca  range
from 330 g/m2 ( J e r v i s ,  1969) t o  1600 g/m2 (Good and Good, 1975) in New 
J e r s e y .  Phraamites communis annual production  i s  r e l a t i v e l y  high in
comparison t o  o th e r  macrophytes reach ing  1792 g/m » not inc lud ing  m o r t a l i t y ,
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(Flemer e t  a l . 1978) and 1074 g/m2 in New J e r s e y  (Walker and Good, 1976). 
Annual p roduc t ion  e s t im a te s  f o r  Tvnha spp. a re  extreme v a r i a b i l i t y  ranging
? ? from 894 g/m in  New J e r s e y  (Good and Good, 1975) to  1467 g/m in  Wisconsin
(Klopatek and S t e a rn s ,  1978).
R e l a t i v e ly  few s tu d i e s  a re  a v a i l a b l e  which compare methods o r  lo c a t io n
in  t h e  e s t im a te  o f  p r o d u c t iv i t y  f o r  b rack ish  and f r eshw ate r  macrophytes.
Data t h a t  a re  a v a i l a b l e  p o in t  to  some o f  the  problems in h e ren t  in  a cc u ra te ly
measuring p r o d u c t i v i t y  in t h e s e  wet lands .  L inhurs t  and Reimold (1978b)
O
r e p o r t e d  annual production  r a t e s  o f  920, 965, 1501, 3203, and 1749 g/m f o r
Phraqmites communis in Delaware, and 1920, 1866, 2789, 1742, and 6039 g/m2 
f o r  S p a r t i n a  cvnosuroides  in  Georgia,  us ing th e  methods o f  peak biomass, 
Milner and Hughes (1968), Smalley (1959),  V a l i e l a  e t  al  (1975), and Wiegert 
and Evans (1964),  r e s p e c t i v e l y .  The v a r i a b i l i t y  encountered in t h e s e  
methods, demonstra tes  the  need f o r  s e l e c t i n g  a s u i t a b l e  sampling method.
Belowground P r o d u c t iv i ty
Despite  th e  ex tens ive  l i s t  o f  aboveground p r o d u c t iv i t y  e s t i m a te s ,  th e re  
a re  r e l a t i v e l y  few fo r  the  belowground component. This i s  due, in  p a r t ,  to  
th e  l a c k  of  r e l i a b l e  sampling techn iques  and extreme d i f f i c u l t y  in ob ta in ing  
belowground biomass samples (Good e t  a l .  1982). However, as th e  ex tens ive  
system o f  ro o t s  and rhizomes in  most p e r e n n ia l s  o f f e r  c e r t a i n  ad ap ta t io n s  
which allow t h e s e  spec ies  t o  t h r i v e  in an o therwise  h o s t i l e  environment,  i t  
i s  important t o  unders tand t h e i r  r o l e  in annual p ro d u c t iv i t y  and n u t r i e n t  
c y c l in g .  The r e c e n t  reco g n i t io n  o f  th e  r o l e  o f  the  belowground component to  
the  anchorage,  s t a b i l i t y ,  and n u t r i e n t  uptake o f  wetland macrophyte spec ie s ,
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has r e s u l t e d  in an in c reased  number o f  belowground product ion  methods and 
e s t i m a t e s .  More d a ta  as  well as  uniform methods a re  n ecessa ry ,  however, i f  
belowground p r o d u c t i v i t y ,  which o f ten  exceeds aboveground p r o d u c t i v i t y ,  i s  
t o  be unders tood.
As with aboveground, belowground p r o d u c t iv i t y  methods remain v a r i a b l e .  
The methods t h a t  are  a v a i l a b l e  a re  cons iderd  to  be l e s s  r e l i a b l e  than  t h e i r  
aboveground c o u n te r p a r t s  due t o  th e  s p a t i a l  d i s t r i b u t i o n  o f  belowground 
biomass (Good e t  a l .  1982). Genera l ly ,  a type o f  co r ing  dev ice  i s  used 
(Good e t  a l . 1982) in both annuals  and p e re n n ia l s  with r e l a t i v e l y  small but 
e x ten s iv e  r o o t s  and rhizomes (Gal lagher ,  1974; Gallagher and Plumley, 1979; 
K i s t r i t z  e t  a l . 1983; Hackney and de l a  Cruz, 1986). In sp ec ie s  with l a rg e  
rhizomes which grow in  clumps, complete excava t ions  a re  o f t e n  necessa ry  
(Good and Good, 1975; de l a  Cruz,  1978; Walker, 1981). In ad d i t io n  to  
sampling problems, i t  i s  o f ten  d i f f i c u l t  t o  s ep a ra te  l i v e  from dead mate r ia l  
which w i l l ,  in  tu rn ,  s i g n i f i c a n t l y  a f f e c t  production e s t i m a te s .  For t h i s  
reason ,  s e p a ra t io n  techn iques  a re  g e n e r a l ly  based on c o lo r  and t u r g i d i t y  
(S troud,  1976) or some type  o f  s t a i n in g  technique  (Good e t  a l .  1982). The 
methods a v a i l a b l e  and a p p ro p r ia t e  spec ies  a re  reviewed by de l a  Cruz (1978), 
who sugges ts  the  need f o r  s tanda rd ized  techniques  in belowground sampling i f  
meaningful comparisons a re  to  be made.
An e x c e l l e n t  review o f  belowground p r o d u c t i v i t y  e s t im a te s  f o r  both 
s a l i n e  and f r e sh w a te r  macrophytes i s  provided by Good e t  a l .  (1982). The 
m a jo r i ty  o f  belowground p r o d u c t iv i t y  e s t im a te s  a v a i l a b l e  a re  f o r  s a l i n e  
macrophyte s p e c ie s ,  t h e  l a r g e s t  number o f  which a re  f o r  S p a r t in a  
a l t e r n i f l o r a . Gallagher and Plumley (1979) repo r ted  annual p r o d u c t i v i t y  in
O
t h e  t a l l  form o f  S p a r t i n a  to  reach  2100 g/m in Georgia while  V a l i e l a  e t  a l .
19
(1976),  us ing enr iched  f e r t i l i z a t i o n  s t u d i e s ,  e s t im ated  ro o t  and rhizome
produc t ion  t o  reach a peak o f  2500 g/m2 in  Massachuse ttes .  Based on a 
maximum - minimum c a l c u l a t i o n ,  S troud (1976) rep o r ted  t h a t  n e t  annual 
belowground p r o d u c t i v i t y  S p a r t i n a  in North Carolina  ranged from 301 to  325
g/m2 in the  t a l l  form and 309 t o  390 g/m2 in  the  s h o r t  form (FWS, 1977). 
Summing p e r io d i c  mass changes in l i v e  and belowground organic  m a t t e r  
(Schubauer and Hopkinson, 1984) e s t im ated  r o o t  and rhizome p r o d u c t i v i t y  in
p
S p a r t i n a  a t  4780 g/m / y e a r .  This va lue  i s  r e l a t i v e l y  high and may be due to  
th e  f a c t  t h a t  th e  au thors  a ttempted to  account f o r  midseason decomposi t ion.  
Addi t iona l  s p ec ie s  f o r  which annual e s t im a te s  o f  belowground p r o d u c t iv i t y
a re  a v a i l a b l e  inc lude  D i s t i c h l i s  s o i c a t a . 2788 g/m2 (Good and Frasco,  1979),
Juncus roemer ianus , 3350 g/m2 (Gal lagher  and Plumley, 1979); and Phraomites
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communis. 3650 g/m (Gallagher and Plumley, 1979; in  Good e t  a l .  1982). The 
extreme v a r i a b i l i t y  in  th e se  e s t im a te s  i s  most l i k e l y  due to  a combination 
o f  f a c t o r s ,  inc lud ing  l a t i t u d e  and sampling technique ,  as well as n u t r i e n t  
demands o f  aboveground biomass, a l l  o f  which po in t  t o  t h e  need f o r  a more 
s tanda rd ized  approach t o  sampling th e  belowground component.
Data on belowground p r o d u c t i v i t y  in t i d a l  f r e sh w a te r  wetlands  i s  very 
l i m i t e d ,  however t h e r e  i s  evidence t h a t  in th e se  a reas  belowground 
p r o d u c t i v i t y  may be more e x ten s iv e  than in s a l i n e  wet lands .  Good and Good
(1975),  in an ex tens ive  study o f  a t i d a l  f r e shw a te r  marsh in New J e r se y ,  
r e p o r te d  ext remely v a r i a b l e  e s t im a te s  o f  belowground product ion  f o r  the
O
macrophyte comunity.  Belowground s tand ing  crops ranged from 256 t o  890 g/m
2 2
in Z izan ia  a q u a t i ca  with annual p r o d u c t i v i t y  a t  610 g/m , 1134 t o  1804 g/m
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in  Nuphar advena. a sp ec ie s  with  a l a r g e  rhizome component, w ith  annual
p r o d u c t i v i t y  a t  1360 g/m2 , 576 t o  1800 g/m2 in Tvpha spp.  with annual
2 2 p r o d u c t i v i t y  a t  1370 g/m , and 1169 to  3152 g/m in  P e l ta n d ra  v i r g i n i c a . a
s p ec ie s  with perhaps the  l a r g e s t  belowground component in  t i d a l  f r eshw ate r
wet lands ,  with annual p r o d u c t iv i t y  a t  2460 g/m2 ( in  Good e t  a l . 1982). 
Walker (1981) ,  us ing complete excava t ion ,  r e p o r t e d  r o o t  p roduc t ion  f o r
O
P e l tan d ra  v i r g i n i c a  t o  reach 893 g/m / y e a r  in a poor ly  dra ined  sediment and
1258 g / n r / y e a r  in a r e l a t i v e l y  well d ra ined  sediment .  Es timates  f o r
belowground p r o d u c t iv i t y  o f  S p a r t i n a  cvnosuroides  in c lu d e  2200 g/m2/ y e a r
(Hackney and de l a  Cruz, 1986),  3500 g/m2/ y e a r  (Ga l lagher  and Plumley, 1979;
in  Good e t  a l .  1982) and a l i t e r a t u r e  maximum value  o f  4628 g/m2/ y e a r  in a 
Georgia c o a s ta l  marsh (Schubauer and Hopkinson, 1984).  Addit ional
belowground p r o d u c t iv i t y  e s t im a te s  inc lude  518 g/m2/ y e a r  f o r  Z izan ioos i s  
m i l ia c ea  in  a Georgia f r eshw ate r  wetland (Birch and Cooley,  1982) and 260
g / n r / y e a r  f o r  Carex r o s t r a t a  in New York (Bernard and Hankinson, 1979).
Belowground:aboveground (R:S) r a t i o s  a l s o  provide  i n s i g h t  in to  
belowground p r o d u c t iv i t y  dynamics with h ighe r  r a t i o s  g e n e r a l l y  found in 
s p ec ie s  which must acqu ire  l i m i t e d  n u t r i e n t s  from an anaerob ic  environment 
(Shaver and B i l l i n g s ,  1975). Whigham and Simpson (1978) e s t a b l i s h e d  R:S 
r a t i o s  f o r  f i f t e e n  t i d a l  f r eshw ate r  macrophytes using  a l i n e a r  r e g re s s io n  
model. They found s u i t a b l e  r a t i o s  e x i s t ,  with values  ranging from 0.55 f o r  
Tvpha to  8 .42 f o r  Pe l tandra  v i r g i n i c a .
The importance o f  inc lud ing  the  belowground component i s  b e s t  
demonst ra ted by th e  few s tu d i e s  which inc lude  both above- and belowground
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values  in  th e  c a l c u l a t i o n  o f  t o t a l  annual p r o d u c t i v i t y .  Schubauer and 
Hopkinson (1984) rep o r ted  t o t a l  annual production a t  7708 g/m S p a r t in a
p
a l t e r n i f l o r a  o f  which 4780 g/m were a t t r i b u t a b l e  t o  t h e  belowground
component. As such, belowground p r o d u c t iv i t y  accounted f o r  some s i x t y  one
percen t  o f  th e  t o t a l  p r o d u c t i v i t y .  In the  same s tudy ,  a t o t a l  annual
o
production o f  7708 g/m was c a l c u l a t e d  fo r  S p a r t in a  cv nosu ro ides . o f  which 
2
4628 g/m were th e  r e s u l t  o f  belowground product ion ,  o r  s i x t y  p e rc en t .  Of
the  t o t a l  annual p roduct ion  o f  2048 g/m^ f o r  Z izan iops i s  m i l i a c e a . 518 g/m^, 
or twenty f i v e  p e rc en t ,  were a t t r i b u t a b l e  t o  the  belowground component .
The e f f e c t  o f  belowground production of  Pe l tandra  v i r g i n i c a  which has a more 
ex ten s iv e  belowground component i s  a l so  s i g n i f i c a n t .  Walker (1981) repor ted
o o
t h a t  o f  a t o t a l  annual production  o f  1345 g/m , 893 g/m , o r  s i x t y  one 
pe rcen t ,  were the  r e s u l t  o f  belowground production in  a poor ly  dra ined  
sediment,  while  in  a well dra ined sediment,  o f  a t o t a l  annual production  of
2 21895 g/m , 637 g / m ,  o r  f i f t y  p e rcen t ,  were a t t r i b u t a b l e  t o  t h e  belowground 
component. The belowground component i s ,  th en ,  not only important to  
annual p r o d u c t i v i t y  e s t im a te s  but t o  s tu d ie s  which model n u t r i e n t  s u b s t r a t e  
dynamics based on e s t im a te s  o f  both above- and belowground biomass.
Nitrogen and Phosphorus Dynamics
One o f  th e  values  most o f ten  a t t r i b u t e d  t o  wetlands i s  t h e  r e g u la t i o n  
o f  n u t r i e n t  f lu x es  through uptake,  s to rag e ,  and r e l e a s e  to  t h e  environment 
(Odum e t  a l .  1984). Stevenson e t  a l . (1977) suggested t h a t  t h e  a b i l i t y  of 
wetland systems t o  cyc le  n u t r i e n t s  i s  d i r e c t l y  t i e d  t o  n u t r i e n t  sources ,
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t i d a l  f l u s h in g ,  s a l i n i t y ,  redox p o t e n t i a l ,  and macrophyte su ccess io n .  In 
a d d i t i o n ,  sediment biogeochemical p r o p e r t i e s  have a marked e f f e c t  on the  
a b i l i t y  o f  wetlands  t o  r e t a i n  n u t r i e n t s ,  e s p e c i a l l y  n i t r o g e n  and phosphorus 
( P a t r i c k  and Khal id ,  1974; Krom and Berner ,  1980; Boatman and Murray, 1982; 
Bowden, 1982). N u t r i e n t  cy c l in g  mechanisms involv ing  t i d a l  su r face  waters ,  
sediments ,  and macrophyte communities have been s tud ied  r a t h e r  e x te n s iv e ly  
over t h e  p a s t  20 y ea r s  and t h e r e  are  severa l  e x c e l l e n t  reviews a v a i l a b l e  
(Kadlec,  1979; Whigham and Bayley,  1979; Nixon, 1980; Odum e t  a l . ,  1984; 
Howard-Williams, 1985; Denny, 1987). Despite  t h e se  e f f o r t s ,  the  r o l e  of 
wetlands in th e  r e g u la t i o n  o f  n u t r i e n t  f luxes  i s  s t i l l  u n c le a r .  This  i s  
due, in  p a r t ,  t o  th e  extreme v a r i a b i l i t y  in wet land ty p e s ,  l o c a t i o n ,  
community s t r u c t u r e ,  and lo c a l  environmental  parameters ,  each o f  which 
a f f e c t  th e  seasonal  t iming and behavior o f  n u t r i e n t  f l u x e s .  As a r e s u l t ,  
general  n u t r i e n t  hypotheses a re  u su a l ly  e x t r a p o la t e d  from a d iv e r s e  and 
l a r g e l y  fragmented da ta  base.
Tidal wetlands  are  be l ieved  to  impact n u t r i e n t  s u b s t r a t e  dynamics in 
many ways. Due t o  t h e i r  l o c a t i o n ,  they  of ten  i n t e r c e p t  a g r i c u l t u r a l  and 
urban runnof f  (van der  Valk e t  a l .  1979),  t i d a l  inunda t ion ,  f lood ing ,  
groundwater (Kadlec,  1979), and seasonal  r i v e r  overf lows. Water e n te r in g  
wetland systems in  such a manner i s  assumed to  be r e t a in e d  f o r  a s u f f i c i e n t  
leng th  o f  time t o  allow i n t e r a c t i o n  with  wetland sediments (Burton, 1981). 
Phosphorus may be adsorbed on suspended sediments o r  o rgan ic  m a t te r  
(Spangler e t  a l .  1976) followed by d e p o s i t io n ,  o r  form in s o lu b le  complexes 
with i ro n  which p r e c i p i t a t e  onto the  sediment s u r f a ce  (Stumm and Morgan, 
1970). Nitrogen may be depos i ted  through an i n t e r a c t i o n  with  suspended 
sediments or transformed through microbia l  p rocesses  in t h e  water column
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(Keeney, 1973; van d e r  Valk e t  a l .  1979).  Following t r a n s f o rm a t io n s  and 
d e p o s i t i o n ,  n i t r o g e n  and phosphorus become a v a i l a b l e  to  t h e  ro o t  systems o f  
the  macrophyte community through sedim enta tion  (Boto and P a t r i c k ,  1979) and 
c e r t a i n  chemical exchange p rocesses  ( P a t r i c k  and Khalid ,  1974; Boatman and 
Hurray,  1982). I n t e r a c t i o n  with th e  sediments  and subsequent  uptake by the  
macrophyte community r e s u l t s  in the  temporary s to r a g e  o f  s i g n i f i c a n t  l e v e l s  
o f  n i t r o g en  and phosphorus w i th in  the  wetland system. An unders tand ing  of  
the  r o l e  o f  th e  macrophyte commmunity in  r e t a i n i n g  and c y c l in g  n i t ro g en  and 
phosphorus over an annual c y c le  i s  t h e r e f o r e  e s s e n t i a l  t o  an unders tanding 
o f  t h e  conceptual model f o r  wetland n u t r i e n t  dynamics.
The m a jo r i ty  o f  the  d a t a  which suppor ts  t h i s  conceptual model i s  the  
r e s u l t  o f  work in  s a l i n e  marshes (Axelrad e t  a l .  1976; Haines e t  a l .  1976; 
Delaune and P a t r i c k ,  1980; Nixon, 1980; Nixon, 1981; Hopkinson and 
Schubauer,  1984).  There a r e ,  however, an in c re a s in g  number o f  s t u d i e s  on 
the  r o l e  of  f r e sh w a te r  wetlands in th e  cyc l ing  o f  n i t ro g en  and phosphorus 
(Klopatek,  1974, 1978; Brinson and Davis,  1976; Simpson e t  a l .  1978; 
Richardson e t  a l . 1978; P ren tk i  e t  a l . ,  1978; Walker, 1981; K i s t r i t z  e t  a l . ,  
1983).  As the  m a jo r i ty  o f  t h e se  s tu d i e s  deal with p l a n t  and sediment 
mediated n i t ro g en  and phosphorus s u b s t r a t e  dynamics, as well as th e  
c o n s t r u c t io n  o f  n u t r i e n t  models, the  fo l lowing review wil l  be r e s t r i c t e d  
p r im a r i l y  to  t h e se  components.
P la n t  Mediated Processes
I t  has been demonst rated t h a t  n i t r o g en  and phosphorus cy c l in g  v a r ie s  
w i th in  wetland systems due t o  th e  s t r u c t u r e  o f  th e  macrophyte community. 
Monotypic s tands  in  s a l i n e  wetlands and a d iv e r s e  community in  f r eshw ate r
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wetlands have been shown to  a s s i m i l a t e  and r e l e a s e  l a rg e  q u a n i t i e s  o f  these  
n u t r i e n t s  over an annual c y c le  (Denny, 1987).  As a r e s u l t ,  t h e r e  i s  a 
r e l a t i v e l y  l a r g e  d a t a  base on the  r o l e  o f  macrophytes in  n u t r i e n t  c y c l in g .  
Although n i t rogen  and phosphorus uptake and s to ra g e  has been shown t o  f a l l  
w i th in  c e r t a i n  ranges  fo r  wetland macrophyte s p ec ie s  (Boyd, 1978; Kadlec, 
1979), d i s t i n c t  seasonal  p a t t e r n s  are  g e n e r a l ly  observed (Klopatek,  1975; 
Mason and Bryant,  1975; Bernard and Solsky, 1976; Gallagher e t  a l .  1980; 
Walker, 1981). T y p ica l ly ,  n i t ro g en  and phosphorus c o n ce n t ra t io n s  are  
h ig h e s t  in  aboveground shoots  a t  the  beginning o f  t h e  growing season when 
s tand ing  s tocks  a r e  lowest (Klopatek,  1975; Walker, 1981; K i s t r i t z  e t  a l .  
1983; Hopkinson and Scubauer, 1984). G e r lo f f  and Kromholtz (1966) termed 
the  h ig h e r  co n cen t ra t ion  o f  n u t r i e n t s  in excess o f  t i s s u e  demand "luxury" 
accumulation.  Apparent ly ,  macrophytes accumulate n i t ro g en  and phosphorus 
a t  h ig h e r  concen t ra t ions  in e a r l y  developing shoots  and r o o t s  which, in 
t u r n ,  a r e  capable  o f  supporting  c h a r a c t e r i s t i c  p e r io d s  o f  r a p i d  growth. 
Concentra tions  t end  to  d e c l i n e  to  lower o r  minimum le v e l s  as  growth 
proceeds .  Hutchinson (1975) in  a review o f  the  a v a i l a b l e  l i t e r a t u r e  accep ts  
G e r lo f f  and Kromholtzs* e s t im a te  o f  1.3% and 0.13% as c r i t i c a l  or minimum 
con cen t ra t io n s  o f  n i t rogen  and phosphorus,  r e s p e c t i v e l y  ( in  Kadlec,  1979). 
Conversely,  rhizome co ncen t ra t ions  and s tand ing  s tocks  a re  both h ighes t  
p r i o r  t o  shoot production and decrease  as seasonal growth in c re a s e s .  This 
decrease  i s  g e n e r a l ly  a t t r i b u t e d  to  r e a l l o c a t i o n  which suppor ts  above- and 
belowground p r o d u c t iv i t y .  As dieback proceeds in th e  f a l l ,  t r a n s l o c a t i o n  to 
belowground rhizomes in c reases  n u t r i e n t  c o n ce n t r a t io n s  and s tand ing  s tocks  
which a r e  used to  support  p r o d u c t iv i t y  t h e  fo l lowing yea r  (Howard-Williams, 
1985).
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As s a l t  marshes a re  g e n e r a l ly  dominated by r e l a t i v e l y  few s p e c i e s ,  much 
o f  the  d a t a  on n i t r o g en  and phosphorus cyc l ing  in s a l i n e  macrophytes i s  
l im i t e d  t o  a severa l  s p e c i e s .  Reimold (1972) r e p o r te d  th e  pathway by which 
phosphorus i s  t r a n s f e r r e d  from th e  sediment t o  t h e  p l a n t  and t o  e s t u a r i n e  
w a te r s .  Reimold noted  t h a t  S p a r t i n a  a l t e r n i f l o r a  serves  as a n u t r i e n t  pump 
t r a n s l o c a t i n g  measurable q u a n t i t i e s  o f  phosphorus from th e  sediments  t o  the  
le aves  and then ,  with  t i d a l  inunda t ion ,  to  th e  marsh. Gal lagher  e t  a l . 
(1974) r e p o r t e d  peak n i t r o g en  and phosphorus c o n c e n t r a t io n s  in S p a r t i n a  
a l t e r n i f l o r a  shoots a t  t h e  beginning o f  the  growing season,  followed by a 
s teady  dec rea se  through th e  summer. S im i la r  p a t t e r n s  were observed in 
Juncus roemerianus with  peak n i t ro g en  co n ce n t ra t io n s  h ig h e s t  in t h e  l a t e  
w in te r  and decreas ing  through th e  summer, but l i t t l e  change in  phosphorus 
c o n c e n t r a t i o n s .  Concentra tion  p a t t e r n s  were a t t r i b u t e d  to  e a r l y  "luxury" 
accumulation followed by d i l u t i o n  through th e  growing season. As such, 
n i t rogen  and phosphorus s tand ing  s tocks  appeared to  be a func t ion  o f  biomass 
p r o d u c t i v i t y .  De l a  Cruz and Hackney (1977) noted t h a t  no s i g n i f i c a n t  
changes in  n i t ro g en  and phosphorus co n ce n t ra t io n s  occured in the  belowground 
biomass o f  a Juncus roemerianus marsh  in M is s i s s ip p i ,  sugges t ing  t h a t  l a rg e  
amounts o f  n u t r i e n t s  may become a v a i l a b l e  t o  th e  e s tu a ry  through 
decomposit ion.  Hopkinson and Schubauer (1984) r e p o r t e d  t h a t  n i t rogen  
c o n ce n t r a t io n  decreased in th e  shoots  and rhizomes o f  S p a r t i n a  a l t e r n i f l o r a  
as p r o d u c t i v i t y  inc reased  with peak n i t ro g en  s tand ing  s tocks  c o in c id in g  with 
peak biomass.
Several  s t u d i e s  have i n v e s t i g a t e d  t h e  e f f e c t s  o f  added n i t ro g en  and 
phosphorus on the  growth o f  S pa r t ina  a l t e r n i f l o r a . Buresh e t  a l .  (1980) 
r e p o r te d  a s i g n i f i c a n t  in c rease  in aboveground biomass with about h a l f  o f
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t h e  n i t r o g en  in the  aboveground a t t r i b u t a b l e  t o  t h e  added ammonium-nitrogen 
Added phosphorus,  however, did no t  s i g n i f i c a n t l y  a f f e c t  p la n t  biomass.  In a 
s i m i l a r  s tu d y ,  P a t r i c k  and Delaune (1976) e s t im a ted  t h a t  the  p e rcen tage  of  
p l a n t  n i t r o g e n  der ived  from added inorgan ic  n i t rogen  ranged from fo r ty -o n e  
p e rc en t  in  t h e  summer t o  t h i r t y - o n e  percen t  in th e  f a l l ,  whi le  y i e l d  was 
inc reased  f i f t e e n  p e r c e n t .  Added phosphorus inc reased  th e  c o n ce n t r a t io n  in 
aboveground shoots  by about twenty  pe rcen t ,  however no y i e l d  i n c r e a s e  was 
no ted .  Likewise,  S u l l i v a n  and Daiber (1974) noted an inc rease  in  y i e l d  in 
t h e  n i t ro g en  f e r t i l i z e d  a rea  but no e f f e c t  o f  phosphorus.  The au thors  
sugges ted  t h a t  s ince  n i t r a t e  i s  low in anaerobic  sedim ents ,  t h a t  S p a r t in a  
a l t e r n i f l o r a  may be adapted to  ammonia which i s  r e s p o n s ib le  f o r  t h e  growth 
p a t t e r n s  observed. The da ta  from these  s tu d i e s  sugges t  t h a t  a v a i l a b l e  
sediment n i t r o g en  may be the  l i m i t i n g  n u t r i e n t  in s a l i n e  macrophyte growth 
and photosyn tha te  product ion .
C lose ly  r e l a t e d  t o  the  a b i l i t y  of  s a l i n e  macrophytes to  c y c le  and s t o r e  
n i t r o g e n  and phosphorus a re  the  e f f e c t s  o f  decomposit ion and l e a c h in g .  
Numerous s t u d i e s  have in d ic a ted  t h e  importance o f  decomposit ion in n u t r i e n t  
cy c l in g  and th e  maintenance o f  e s t u a r i n e  p r o d u c t i v i t y  (Kirby, 1971; Mason 
and Bryant,  1975; Odum e t  a l .  1973; de l a  Cruz, 1979). Leaching o f  l i v e  
s h o o ts ,  however, i s  l e s s  unders tood due to  t h e  d i f f i c u l t y  in o b ta in in g  
a cc u ra te  e s t i m a te s  based on i n t e r v a l  t i d a l  f l u s h in g .  The r e l e a s e  o f  
n i t r o g en  and phosphorus to  the  surrounding environment v ia  th e se  p rocesses  
impacts th e  cy c l ing  and a v a i l a b i l i t y  o f  t h e s e  n u t r i e n t s  and, as such,  i s  an 
impor tan t  a sp e c t  o f  n u t r i e n t  c y c l in g .
White e t  a l .  (1978) repor ted  a 100% decomposit ion o f  S p a r t in a  
a l t e r n i f l o r a  over a seven month pe r iod  in Louisana whi le  Kirby and Gossel ink
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(1976) noted a 90% r a t e  in a nearby a r e a .  McKee and Seneca (1982) observed 
t h a t  th e  t a l l e r  forms o f  S p a r t i n a . due t o  in c reased  stem t i s s u e ,  were more 
r e s i s t a n t  t o  decay than Juncus roemerianus sh o o ts .  Hackney and de l a  Cruz
(1980) r e p o r te d  an annual decomposit ion r a t e  o f  16% in Juncus in  t h e  top  20 
cm although n i t r o g en  and phosphorus g e n e r a l ly  increased  in  the  p l a n t  t i s s u e s  
over the  s tudy pe r iod .
Data on le ach ing  r a t e s  i s  r e l a t i v e l y  s c a r c e s .  Gal lagher  e t  a l .  (1976) 
es t im ated  le ach ing  o f  carbon in  le aves  o f  S p a r t i n a  a l t e r n i f l o r a  t o  exceed
6.1 g/m / y e a r ,  most o f  which was u t i l i z e d  by microbes.  Hopkinson and 
Schubauer (1984) measured th e  leach ing  r a t i o  o f  t o t a l  d i s so lv e d  n i t ro g en  to  
t o t a l  d i s so lv ed  carbon in S p a r t i n a  l e av e s .  The l e ach a te  r a t i o s  were then 
m u l t i p l i e d  by the  seasonal carbon l e ach a te  e s t im ated  by Gal lagher  e t  a l .
(1976),  r e s u l t i n g  in an annual n i t rogen  leach ing  r a t e  o f  0 .7  g/m .
Tissue n u t r i e n t  co n ce n t ra t io n s  and s tand ing  s tocks  in  f r e shw a te r  
macrophytes a re  perhaps the  most s tud ied  n u t r i e n t  parameters  in th e  
l i t e r a t u r e  (P ren tk i  e t  a l .  1978).  Boyd (1978) reviewed th e  a v a i l a b l e  da ta  
on th e  chemical composit ion o f  wetland p l a n t s  and rep o r ted  w i th - i n  s i t e  
i n t r a s p e c i f i c  v a r i a t i o n ,  be tw een -s i t e  i n t r a s p e c i f i c  v a r i a t i o n ,  and 
i n t e r s p e c i f i c  v a r i a t i o n .  V a r ia t io n s  in spec ie s  l i k e  Tvoha l a t i f o l i a  and 
Sc irous  americanus were such t h a t  average composit ions were u n r e l i a b l e  f o r  
use in  eco log ica l  s t u d i e s .  Klopatek (1974) observed t h a t  n i t ro g en  and 
phosphorus co n ce n t ra t io n s  decreased  s t e a d i l y  over  the  growing season going 
from approximately 3.0% in May to  0.75% in  September in t h e  shoots  and 2.25 
to  0.75% in t h e  ro o ts  and rhizomes o f  Tvpha l a t i f o l i a . Phosphorus 
co n ce n t ra t io n s  followed a s i m i l a r  p a t t e r n  in t h e  shoots ,  dec reas ing  from 
approximately  0.65 to  0.15% over  the  growing season, however s t ay in g
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r e l a t i v e l y  s t a b l e  a t  0.30% in th e  ro o t s  and rhizomes.  Boyd (1969) rep o r ted  
shoot n i t rogen  t i s s u e  c o n ce n t r a t io n s  decreased from 2 .4  to  0.51% and 
phosphorus from 0.31 t o  0.09% between April  and J u ly  in Tvoha l a t i f o l i a . In 
the  same s tudy, n i t r o g en  co n ce n t ra t io n s  decreased from 2.72 t o  0.83% and 
phosphorus co n ce n t ra t io n s  decreased from 0.30 to  0.13% over t h e  same period 
in t h e  shoots  o f  Sc i rpus  americanus. Bernard and Solsky (1977) rep o r ted  
t h a t  n i t ro g en  c o n ce n t r a t io n s  decreased  s t e a d i l y  between Hay and November in 
both th e  shoots  and new rhizomes o f  Carex l a c u s t r i s  from 3 .0  to  1.0% and 
1.75 to  1.00%, r e s p e c t i v e l y .  Phosphorus followed a s i m i l a r  p a t t e r n  
d ecreas ing  from 0 .30  to  0.10% in shoots  and 0.35 t o  0.20% in  new rhizomes 
over th e  same p e r io d .  Bayly and Shib ley (1978) r e p o r te d  phosphorus 
c o n cen t ra t io n s  decreased  in  Ponteder ia  c o r d a t a . from 8 .0  t o  3 .0  mg/g in  the  
shoots  and 4 .5  t o  2 .0  mg/g in the  s t a l k s  betweeen June and September.
S im i la r  p a t t e r n s  were observed in t h e  ro o t s  and rhizomes with  phosphorus 
dec reas ing  from 6 .0  to  2 .5  mg/g and 4 .2  to  2 .4  mg/g, r e s p e c t i v e l y .
Data on n i t ro g en  and phosphorus s tand ing  s tocks  tend t o  be v a r i a b l e  
depending on s p e c ie s .  Klopatek (1975) noted t h a t  shoot n i t ro g en  s tand ing
s tocks  in Scirous  f l u v i a t i l i s  reached a peak o f  15.35 g/m2 whi le  ro o t
O
s tand ing  s tocks  reached a peak of  5.32 g/m . In t h e  same s tudy ,  shoot
n i t ro g en  s tanding  s tocks  in  Carex l a c u s t r i s  reached 7.71 g/m2 while r o o t
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s tand ing  s tocks  were 1.07 g/m . Phosphorus s tand ing  s tocks  were
2 o
s i g n i f i c a n t l y  lower reach ing  a peak o f  3.18 g/m in t h e  shoots  and 2 .00 g/m
7 7in t h e  ro o t s  o f  Sc irpus  and I .97 g/m in t h e  shoots  and 0.24 g/m in th e
ro o ts  o f  Carex. In a review o f  severa l  f r eshw ate r  s p e c i e s ,  Prentk i  e t  a l .
(1978) repor ted  t h a t  n i t ro g en  peak s tand ing  s tocks  v a r ied  from 28 (Kvet,
29
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1973) t o  43 g/m (Mason and Bryant,  1975) in Phraamites communis, and from
5.3  (Boyd, 1970) t o  31 g/m2 (Pren tk i  e t  a l . ,  1978) in  Tvpha l a t i f o l i a . 
Phosphorus peak s tand ing  s tocks  v a r ie d  from 2 (Mason and Bryant,  1975) to
5 .3  g/m (Dykyjova and Hradecka, 1976) in  Phraomites communis and 0.68
(Boyd, 1970) to  3 .2  g/m2 (P rentk i  e t  a l . ,  1978) in  Tvpha l a t i f o l i a .
K i s t r i t z  e t  a l .  (1983) r e p o r t e d  a peak n i t ro g en  s tand ing  s to ck  of
2
approximate ly  10.0 g/m in Carex lvnabevi which co inc ided  with peak 
aboveground biomass.  Belowground n i t rogen  s tand ing  s tocks  were lowest  
dur ing  peak aboveground biomass but increased  s t e a d i l y  t o  approximate ly  30
o
g/m dur ing  shoot  d ieback.  Phosphorus aboveground s tand ing  s tocks  followed
s i m i l a r  p a t t e r n s  reach ing  a peak o f  approximately 1 .5  g/m in  Ju ly ,  a time 
a t  which belowground s tand ing  s tocks  were lowest .  Walker (1981) observed 
t h a t  peak aboveground n i t rogen  s tand ing  s tocks  in  P e l tand ra  v i r a i n i c a
co inc ided  with peak aboveground s tand ing  biomass reach ing  10.99 g/m2 in
poor ly  d ra ined  sediments and 10.56 g/m in  well d ra ined  sediments in June 
and Ju ly ,  r e s p e c t i v e l y .  Seasonal p a t t e r n s  o f  phosphorus s tand ing  s tocks
2
were s i m i l a r  reach ing  peaks o f  2 .18  and 2.00 g/m in  poorly d ra ined  and well 
d ra ined  sedim ents ,  r e s p e c t i v e l y .
Decomposition and leach ing  o f  f r eshw ate r  macrophyte sp ec ie s  have been 
shown to  s i g n i f i c a n t l y  a f f e c t  n u t r i e n t  c y c l e s .  P u r ive th  (1979) s tu d ied  the  
decomposit ion o f  severa l  f r e sh w a te r  macophytes in Wisconsin,  r e p o r t i n g  
a c c e l e r a t e d  decay r a t e s  in spr ing  and summer. Nit rogen and phosphorus 
i n i t i a l l y  d ec l in ed  in th e  f i r s t  month but accumulated in  th e  summer due to  
microrganisms in h a b i t in g  th e  l i t t e r .  Turner (1978) s tu d ied  t h e
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decomposit ion o f  S o a r t i n a  cvnosuroides and Z izan ia  a o u a t i ca  and repo r ted  
t h a t  S p a r t i n a  cvnosuro ides  gained in n i t ro g en  c o n ten t  a f t e r  an i n i t i a l  
per iod  o f  l e ac h in g ,  whi le  Zizania  l i t t e r  n i t ro g en  d e c l i n ed .  A f t e r  an 
i n i t i a l  per iod  o f  l e ach ing ,  both p la n t s  inc reased  in t o t a l  phosphorus.  Odum 
and Heywood (1978) summarized th e  da ta  concern ing th e  decomposit ion o f  
s evera l  t i d a l  f r e sh w a te r  p l a n t s ,  inc lud ing  P e l tand ra  v i r a i n i c a . Nuphar 
luteum, Pon tede r ia  c o r d a t a . and Zizania  a q u a t i c a . Rapid r a t e s  o f  
decomposit ion were observed in a l l  sp ec ie s  with 70-80% ash f r e e  d ry  weight 
l o s t  w i th in  s i x t y  days.  In P e l t a n d r a . n i t ro g en  in c reased  from 2 .9  t o  4-5.5% 
a f t e r  10-20 days,  d e c l in in g  to  3.0-3.8% a f t e r  50 days.  As such, decomposing 
l i t t e r  may a c t u a l l y  in c re a se  n i t ro g en  l e v e l s  w i th in  t h e  marsh.
Fewer s t u d i e s  are  a v a i l a b l e  as to  le ach ing  r a t e s  in  f r eshw ate r  
macrophytes.  Klopatek (1975) r epo r ted  t h a t  o f  an annual n i t ro g en  uptake o f
? 917.46 g/m by t h e  shoots o f  Sc i rpus  f l u v i a t i l i s . 7.34 g/m / y e a r  were
leached .  Leaching o f  phosphorus was lower a t  2 .20  g/m / y e a r .  K i s t r i t z  e t  
a l .  (1983) a lso  r e p o r te d  high l e v e l s  o f  l each ing  in  a Carex 1vnobvei marsh,
p
e s t im a t in g  n i t ro g en  leach ing  a t  23.9  mg/m /day  and phosphorus a t  7.83
2 2 mg/m / d a y .  These d a i ly  r a t e s  a re  the  e q u iv a l en t  o f  2 .7  g/m / y e a r  f o r
n i t ro g en  and 0.89 g/m / y e a r  f o r  phosphorus,  or 31% and 66% of  t h e  
aboveground peak n i t rogen  and phosphorus s tand ing  s to ck s ,  r e s p e c t i v e l y .  As 
such leach ing  i s  a s i g n i f i c a n t  component o f  n u t r i e n t  c y l in g  in f r eshw ate r  
macrophytes and should t h e r e f o r e  be included in t h e  modelling o f  n u t r i e n t  
f l u x e s .
E f f ic ien c y  Indexes
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The r e l a t i o n s h i p  between n u t r i e n t  and biomass s tand ing  s tocks  are  
g e n e r a l l y  de f ined  in terms o f  uptake,  use,  and recovery  e f f i c i e n c y  indexes .  
Uptake e f f i c i e n c y  i s  c a l c u l a t e d  by d iv id in g  t i s s u e  n u t r i e n t  l e v e l s  by 
n u t r i e n t  a v a i l a b i l i t y  whi le  use e f f i c i e n c y  i s  c a l c u l a t e d  by d iv id in g  t i s s u e  
biomass by t i s s u e  n u t r i e n t  l e v e l s .  Recovery e f f i c i e n c y  i s  c a l c u l a t e d  by 
d iv id in g  the  d i f f e r e n c e  in n u t r i e n t  l e v e l s  o f  l i v e  and dead t i s s u e s  by 
n u t r i e n t  l e v e l s  in l i v e  t i s s u e s  (Shaver and M e l i l lo ,  1984).  Although t h e  
m a jo r i ty  o f  a v a i l a b l e  d a ta  on e f f i c i e n c y  indexes i s  t h e  r e s u l t  o f  work in 
f o r e s t  ecosystems (Turner,  1977; Vitousek , 1982; Chapin e t  a l . ,  1987), 
r e cen t  evidence i n d i c a t e s  t h a t  e f f i c i e n c y  indexes a l so  provide  i n s i g h t  i n to  
r e l a t i v e  n u t r i e n t  cy c l ing  s t r a t e g i e s  in marsh macrophytes (Shaver and 
M e l i l lo ,  1984). I t  has been suggested t h a t  p la n t s  from n u t r i e n t  poor 
h a b i t a t s ,  such as  anaerobic  sediments ,  should be ab le  t o  produce more 
organic  m a t te r  pe r  u n i t  o f  n u t r i e n t  (Vitousek,  1982) a l though Chapin (1980) 
concluded t h a t  p l a n t s  from n u t r i e n t - p o o r  h a b i t a t s  are  l e s s  e f f i c i e n t .  
Vitousek (1982) poin ted  out t h a t  Chapin’ s argument was developed f o r  s h o r t  
l iv e d  p l a n t s .  Pe renn ia l s  which withdraw n u t r i e n t s  from senesc ing  leaves  use 
th e  same u n i t  o f  n u t r i e n t  t o  b u i ld  severa l  le aves ,  r e s u l t i n g  in inc reased  
e f f i c i e n c y  indexes .
Vitousek (1982) and Gray and S ch le s in g e r  (1983) proposed t h a t  as 
n i t r o g en  o r  phosphorus a v a i l a b i l i t y  in c reased  t h a t  e f f i c i e n c y  indexes  would 
d ecrea se .  P a s to r  ( in  Shaver and M e l i l lo ,  1984) suggested t h a t  two p o s s ib le  
mechanism r e g u l a t e  these  changes in e f f i c i e n c y  indexes ,  1) changes in 
n u t r i e n t  c o n ce n t ra t io n s  and 2) changes in biomass a l l o c a t i o n .  In a study of 
t h r e e  marsh macrophytes,  Tvpha. Carex. and C a lam aa ro s t i s . Shaver and M el i l lo  
(1984) demonstrated  t h a t  indeed a l l  t h r e e  e f f i c i e n c y  indexes  inc reased  with
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decreased  n i t r o g en  and phosphorus a v a i l a b i l i t y .  Shaver and M el i l lo  
sugges ted  t h a t  inc reased  e f f i c i e n c y  o f  macrophytes in n u t r i e n t  l im i t e d  
environments r e s u l t  in  a decreased dependency on uptake t o  meet n u t r i e n t  
demands. The c a l c u l a t i o n  o f  e f f i c i e n c y  indexes ,  t h e r e f o r e ,  provide 
a d d i t i o n a l  informat ion  on growth and n u t r i e n t  cyc l ing  s t r a t e g i e s  in marsh 
macrophytes .
Sediment Mediated Processes
Nitrogen and phosphorus found in wetland sediments can e x i s t  in two 
phases:  d i s so lv e d  in i n t e r s t i t i a l  w a te r s ,  o r  a s s o c ia t e d  with  (o r  in)  th e  
s o l i d  sediment p a r t i c l e s  (Kadlec, 1979). The s o l i d  phase inc ludes  n u t r i e n t  
ions  adsorbed on mineral  o r  o rgan ic  p a r t i c l e s ,  o f ten  termed exchangeable,  
n u t r i e n t s  t i e d  up in o rgan ic  m a t t e r ,  and n u t r i e n t s  chemica lly  bound in  the  
c r y s t a l l i n e  l a t t i c e  o f  sediment p a r t i c l e s  (Brannon e t  a l .  1976). Sediment 
microbia l  popu la t ions  c o n s t a n t ly  t rans fo rm  th e se  n u t r i e n t s  (Howard-Wiliiams, 
1985; Krom and Berner ,  1981) as do the  p rocesses  o f  sed im enta t ion  (Delaune 
e t  a l .  1981), a s s o c i a t e d  c a t io n  exchange mechanisms (Kadlec and T i l t o n ,
1979; Rosenf ie ld ,  1979; Dolan e t  a l .  1981; Boatman and Murray, 1982),  and 
d i f f u s i o n  and subsequent a l t e r a t i o n  ( P a t r i c k  and Khalid (1974).  The 
assumption i s  o f t e n  made t h a t  th e  ions d i s so lv ed  in i n t e r s t i t i a l  water and 
adsorbed on va r io u s  p a r t i c l e s  r e p re s e n t  a v a i l a b l e  n u t r i e n t s  while  n u t r i e n t s  
bound in  o rgan ic  m a t te r  a r e  unav a i l ab le  except  through decomposit ion 
(Kadlec,  1979). As the  phase e q u i l ib r iu m  o f  n u t r i e n t s  c o n t i n u a l l y  s h i f t ,  i t  
i s  o ften ,  d i f f i c u l t  to  a c c u r a t e ly  a ssess  s tand ing  s tocks  o f  n i t ro g en  and 
phosphorus s p ec ie s  over i n t e r v a l s  o f  s i g n i f i c a n t  l en g th .  This problem, 
coupled t o  the  v a r i b i l i t y  in methods a v a i l a b l e  f o r  e s t im a t in g  sediment
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n u t r i e n t  l e v e l s ,  has r e s u l t e d  in a wide v a r i e t y  o f  n u t r i e n t  va lues  f o r  
wet land sedim ents .  As such, comparisons a re  p o s s ib le  only  on a q u a l i t a t i v e  
b a s i s  and must co n s id e r  environmental c o n d i t io n s ,  sampling methods, and 
l a b o r a to r y  te ch n iq u es .
Nitrogen and phosphorus l e v e l s  in s a l t  marsh sediments l i m i t  primary 
product ion  as well as microbial  p rocesses  (Haines e t  a l .  1977).  Delaune and 
P a t r i c k  (1980) reviewed n i t rogen  and phosphorus cyc l ing  p rocesses  in  a Gulf 
Coast s a l t  marsh o f  t h e  M iss is s ipp i  River r e p o r t i n g  t h a t  sed im enta t ion
supp l ied  th e  eq u iv a len t  o f  23 g/m2/ y e a r  n i t ro g en  and 2 .3  g/m2/ y e a r  
phosphorus,  most o f  which i s  in  t h e  organic  form, to  th e  sed im ents .  They 
concluded t h a t  th e  marsh was undoubtedly a s ink  f o r  both n i t ro g en  and
phosphorus accumulating th e se  n u t r i e n t s  a t  t h e  r a t e  o f  21 g/m2/ y e a r  and 1.7 
2
g / n r / y e a r ,  r e s p e c t i v e l y .  Perhaps the  most s i g n i f i c a n t  d a ta  from t h i s  study 
was t h a t  m in e r a l i z a t i o n  of  organic  n i t ro g en  to  ammonium r e s u l t e d  in an input
p
o f  approximate ly  40 g/m / y e a r ,  apparen t ly  s u f f i c i e n t  t o  support  observed 
macrophyte p ro d u c tv i ty .  As th e r e  i s  l i t t l e  n i t r a t e  due t o  l ack  o f  oxygen, 
ammonium i s  the  primary inorgan ic  form o f  n i t ro g en  a v a i l a b l e  t o  macrophytes.  
Haines e t  a l .  (1977) es t im ated  t h a t  over 90% of  t h e  t o t a l  measured pools  of  
n i t ro g en  in a s a l t  marsh was sediment n i t r o g e n ,  which inc luded th e  l a b i l e  
ino rgan ic  pools o f  ammonium and n i t r a t e .  The m a jo r i ty ,  however, was 
r e f r a c t o r y  o rgan ic  n i t ro g en  and f ixed  ammonium. The l a r g e  organ ic  pools 
showed l i t t l e  seasonal  f lu c u a t io n  however, the  small exchangeable ammonium 
and n i t r a t e  pools  demonstrated marked seasonal  f l u c u a t i o n s .  As th e  s tanding  
pools  o f  ino rgan ic  n u t r i e n t s  were g e n e r a l ly  i n s u f f i c i e n t  t o  support  l e v e l s
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o f  macrophyte growth observed, i t  was concluded t h a t  microb ia l  decomposition 
o f  organic  pools  must c o n t in u a l ly  supply the  in o rgan ic  form o f  ammonium.
A phase s h i f t  in  sediment n u t r i e n t s ,  in  a d d i t io n  t o  microbia l  p roceses ,  
i s  c o n t r o l l e d  by c a t i o n  exchange p rocesses .  As c a t i o n  exchange processes  
c on t ro l  n u t r i e n t  a v a i l a b i l i t y  t o  th e  macrophyte community, they  have 
rece ived  inc reased  a t t e n t i o n  in r e c e n t  y e a r s .  Boatman and Hurray (1982) 
modelled the  p rocesses  and c o n t ro l s  o f  exchangeable ammonium adsorp t ion  in 
marine sediments .  They rep o r ted  t h a t  in  o r g a n i c a l l y  r i c h  sediments a c lay -  
humic complex c o n t r o l s  ammonium adso rp t ion  while  in o r g a n i c a l l y  poor 
sediments  t h e  c lay  mineralogy d i c t a t e d  ad so rp t io n .  As most e s tu a r in e  
sediments a re  r i c h  in  o rgan ic  m a t te r ,  t h i s  p ro cess ,  t o g e t h e r  with 
m i n e r a l i z a t i o n ,  w i l l  con tro l  th e  a v a i l a b i l i t y  o f  ammonium f o r  primary 
p roduc t ion .  In a s i m i l a r  s tudy,  Rosenfie ld  (1979) measured th e  d i f f e r e n c e s  
in d i s so lv e d ,  exchangeable ,  and f ixed  ammonium in anoxic sediments from Long 
I s la n d  to  F lo r id a .  He r e p o r t e d  t h a t  a dynamic e q u i l ib r iu m  e x i s t e d  between 
th e se  th r e e  phases and t h a t  exchangeable ammonium inc reased  l i n e a r l y  with 
i n c re a s in g  l e v e l s  o f  d i s so lv ed  ammonium. S im i l a r ly ,  exchangeable ammonium 
a dso rp t ion ,  predominantly a sso c ia ted  with organ ic  m a t t e r ,  was r a p id  and 
r e v e r s i b l e .  Ammonium adsorp t ion  i s ,  t h e r e f o r e ,  an important p rocess  in 
marine sediments and must be considered  when a t tem pt ing  to  measure n i t rogen  
a v a i l a b i l i t y .
In a d d i t io n  to  c a t i o n  exchange p rocesses ,  d i f f u s i o n  o f  ino rgan ic  
n u t r i e n t s  a l so  r e g u l a t e  sediment n u t r i e n t  l e v e l s .  P a t r i c k  and Reddy (1976) 
demonst rated t h a t  ammonium in t h e  aerob ic  su r f a ce  l a y e r  undergoes 
n i t r i f i c a t i o n  c r e a t i n g  a c oncen t ra t ion  g r a d i e n t  which causes  ammonium to  
d i f f u s e  upward towards the  aerob ic  l a y e r .  Here ammonium a l s o  undergoes
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n i t r i f i c a t i o n .  The n i t r a t e  then tends  to  d i f f u s e  downward where i t  i s  
d e n i t r i f i e d  to  N2 and N20 which may be l o s t  t o  the  environment.  As
n i t r i f i c a t i o n  r e q u i r e s  oxygen, n i t r a t e  i s  g e n e r a l ly  u n a v a i l a b le  to  perennia l  
macrophytes with deep seeded ro o t  and rhizome systems, but w i l l  support  
amnnuals with shal low r o o t  systems. P a t r i c k  and Khalid (1974) r e p o r t e d  t h a t  
anaerobic  sediments r e l e a s e d  more phosphate t o  sediment s o lu t io n s  low in 
so lub le  phosphate  and sorbed more phosphate in sediments high in  so lu b le  
phosphate ,  i n d i c a t i n g  t h a t  a v a i l a b l e  d i s so lv ed  phosphate in c rease s  in  the  
t y p i c a l l y  anaerob ic  sediments found in s a l t  marshes.  This in c rease  in 
anaerobic  sedim ents ,  however, may c r e a t e  a c o n ce n t r a t io n  g ra d ie n t  which 
causes phosphate t o  d i f f u s e  upward and be r e l e a s e d  to  over ly ing  waters  
(Pomeroy e t  a l .  1965).
In comparison t o  s a l t  marsh sediments ,  r e l a t i v e l y  l i t t l e  i s  known 
regard ing  the  cy c l in g  o f  n i t ro g en  and phosphorus in  t i d a l  f r eshw ate r  
marshes.  A va i lab le  da ta  appears h igh ly  v a r i a b l e  depending on loca l  
environmental  pa ramete rs  and sampling method, however c e r t a i n  t r e n d s  are  
apparen t .  The t o t a l  n i t rogen  pool i s  f a r  g r e a t e r  than th e  ino rgan ic  pool 
with much of  t h i s  component in  the  organ ic  form (Kadlec,  1979). Bowden 
(1984) r e p o r te d  t h a t  the  m a jo r i ty  o f  n i t rogen  did e x i s t  as o rgan ic  n i t rogen  
vary ing from 1.59 to  1.93% on a dry weight  b a s i s .  Inorganic  n i t ro g en  l e v e l s  
were s i g n i f i c a n t l y  lower but always exceeded th e  n i t r a t e  plus  n i t r i t e  
l e v e l s .  Klopatek (1975) es t imated  t o t a l  n i t ro g en  in t h e  top 15 cm o f  a
p
t i d a l  f r e sh w a te r  marsh a t  1696 g/m in  a Sc i rpus  f l u v i a t i l i s  s tand .  Walker
(1981), working in a t i d a l  f r eshw ate r  marsh, e s t im ated  t o t a l  n i t rogen
s tand ing  s tocks  in poor ly  d ra ined  sediments a t  153 and 185 g/m2 a t  th e  40-55
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and 80-95 cm, r e s p e c t i v e l y ,  o f  which,  3 .89 and 11.23 g/m / y e a r  were 
cons ide red  as m i n e r a l i z a b l e ,  o r  a v a i l a b l e ,  n i t r o g e n .  In well d ra ined
p
sediments  t o t a l  n i t ro g en  pools  were 204 and 192 g/m a t  th e  40-55 and 80-90
cm depths  o f  which 11.02 and 5.41 g/m / y e a r  were cons idered  a v a i l a b l e .  
Richardson e t  a l ,  (1978) r e p o r t e d  t h a t  t o t a l  n i t ro g en  reached a peak o f  683 
2
g/m in th e  top  20 cm o f  nor the rn  wetland ecosystems, in c lu d in g ,  bogs, f ens ,
p
swamps, and marshes.  Only 0.75 g / m ,  however, was cons idered  a v a i l a b l e .
Total  phosphorus s tanding  s tocks  can be r e l a t i v e l y  high in f r eshw ate r
sediments and may in c lude  a s i g n i f i c a n t  ino rgan ic  pool.  Bowden (1982)
es t im ated  o rgan ic  phosphorus a t  approximate ly  0.30% o f  d ry  weight a t  the
s u r f a c e ,  dec rea s ing  r a p i d l y  with depth .  Richardson e t  a l . (1978) repor ted
7 7t o t a l  a v a i l a b l e  phosphorus pools o f  24.2 g/m o f  which 0 .45  g/m was
a v a i l a b l e  in severa l  no r the rn  wet lands .  Klopatek (1975) r e p o r te d  a much
p
highe r  leve l  o f  a v a i l a b l e  phosphorus reaching 12.1 g/m in  the  top  15 cm o f  
a f r e sh w a te r  wetland . Klopatek suggested  t h a t  t i d a l  f r e sh w a te r  marshes may 
have evolved mechanisms f o r  conserv ing t h i s  o f t e n  l i m i t i n g  n u t r i e n t .  Walker 
(1981),  however, rep o r ted  much lower l e v e l s  o f  ino rgan ic  phosphorus in a
poor ly  d ra ined  sediment ,  e s t im a t in g  t h a t  0 .80  and 1.72 g /m V year  were 
a v a i l a b l e  a t  40-50 and 80-95 cm, r e s p e c t i v e l y .  In well d ra ined  sediments,  
Walker observed a h ighe r  level  o f  a v a i l a b l e  phosphorus a t  40-55 cm reaching
p p
1.71 g/m / y e a r  but decreas ing  to  0.82 g/m / y e a r  a t  80-95 cm. Walkers’ lower 
l e v e l s  may be a t t r i b u t a b l e  t o  the  Bray-2 method which may a c t u a l l y  be the  
b e s t  e s t im a te  o f  a v a i l a b l e  phosphorus.
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The extreme v a r i a b i l i t y  in  t h e  r e p o r te d  l e v e l s  o f  n i t ro g en  and 
phosphorus in f r e sh w a te r  sediments p o in t s  to  th e  need f o r  a d d i t i o n a l  d a ta  on 
wetland  sediments .  Kadlec (1979) ,  f o r  example, assumes a reasonab le
approximation o f  t o t a l  n i t ro g en  t o  be 500-1500 g/m2 on a d ry  weight b a s i s  of
p
which 5-15 g/m i s  a v a i l a b l e .  Total  phosphorus c o n ce n t r a t io n s  a l so  may vary 
widely  but a re  commonly in  th e  0.01-0.02% range,  dependent on e x t r a c t i o n  and 
l a b o r a to r y  te chn ique .  I t  appears ,  then ,  t h a t  l i t t l e  o f  the  a v a i l a b l e  da ta  
on wet land sediments may be e x t r a p o la t e d  to  o th e r  wetland systems,  but may 
be compared only  on a r e l a t i v e  b a s i s .
Sediment - Tissue  R e la t io n sh ip
The r e l a t i o n s h i p  between sediment and t i s s u e  n u t r i e n t  l e v e l s  i s  
g e n e r a l ly  determned through r e g re s s io n  o r  c o r r e l a t i o n  a n a l y s i s .  This 
approach allows a de te rm ina t ion  o f  whether t i s s u e  n u t r i e n t  l e v e l s  are  
dependent on sediment a v a i l a b i l i t y  o r  i f  th e  two paramaters  a re  
in te rdependen t .  This r e l a t i o n s h i p  e x p la in s ,  a t  l e a s t  in p a r t ,  n u t r i e n t  
cyc l ing  s t r a t e g i e s  in marsh macrophytes.  Attempts t o  d e f in e  t h i s  
r e l a t i o n s h i p  have produced c o n t r a d i c t o r y  r e s u l t s .  Boyd and Hess (1970) 
r e p o r t e d  a p o s i t i v e  c o r r e l a t i o n  between phosphorus water  l e v e l s  and t i s s u e  
c o n ce n t ra t io n s  in  Tvoha. Likewise,  G e r lo f f  and Kromholtz (1966),  Gosse t t  
and Norr i s  (1971),  and Klopatek (1978) r e p o r te d  s t ro n g  c o r r e l a t i o n s  between 
sediment and t i s s u e  n u t r i e n t  c o n ce n t ra t io n s  in marsh macrophytes inc lud ing  
Tvpha. S c i rp u s . and Carex. Klopatek exp la ined  the  s t rong  r e l a t i o n s h i p  
between t i s s u e  and sediment t o t a l  n i t rogen  by the  c o n s ta n t  p ropo r t ion  o f  
ammonium to  t o t a l  n i t rogen  in th e  sediments .  The r e l a t i o n s h i p  between 
sediment and t i s s u e  phosphorus i n d ic a ted  t h a t  indeed th e  macrophyte
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community may con t ro l  phosphorus f lu x e s  in  t i d a l  f r eshw ate r  marshes.  Boyd 
(1971),  Boyd and Vickers  (1971) ,  and Walker (1981),  however, r e p o r t e d  weak 
o r  i n s i g n i f i c a n t  r e l a t i o n s h i p s  between sediment and t i s s u e  n u t r i e n t  l e v e l s .  
DeLaune e t  a l .  (1979) rep o r ted  s t rong  c o r r e l a t i o n s  between a e r i a l  s tanding  
crops  and sediment n i t ro g en  expressed on a s o i l  volume r a t h e r  than  a dry 
weight b a s i s  in S o a r t i n a  a l t e r n i f l o r a .
Apparent ly ,  the  r e l a t i o n s h i p  between sediment and t i s s u e  n u t r i e n t  
l e v e l s  may be dependent on loca l  environmental  c ond i t ions  and in d iv idua l  
sp ec ie s .  The r e l a t i o n s h i p  should be s t ro n g e r  in annuals which depend on de 
novo roo t  uptake to  supply a l l  n u t r i e n t  demands and weaker in p e re n n ia l s  
with a s i g n i f i c a n t  rhizome s to ra g e  component which depend more on rhizome 
r e a l l o c a t i o n  (Walker, 1981). In a d d i t io n  the  s t r e n g th  o f  t h e  r e l a t i o n s h i p  
w i l l  depend on m in e r i l z a t i o n  r a t e s  and a s s i m i l a t i v e  c ap a c i ty  o f  the  
sediments as well as  th e  seasonal t iming o f  roo t  uptake and t r a n s p o r t  
through th e  p l a n t .
Models
Despite  the  importance o f  emergent wetland macrophyte communities and 
t h e i r  a s s o c i a t e d  sediment compartments t o  t h e  cyc l ing  o f  n i t r o g e n  and 
phosphorus,  r e l a t i v e l y  few s tu d i e s  have attempted to  in c o rp o ra te  sediment 
and p lan t  compartment da ta  in t h e  c o n s t r u c t io n  o f  n u t r i e n t  models. Models 
o f  t h i s  type  a re  necessa ry ,  however, as they  provide a q u a n t i t a t i v e  
assessment o f  uptake p ro ce sses ,  n u t r i e n t  conserv ing mechanisms, and s to rage  
c ap a c i ty  o f  wetland ecosystems.  Likewise,  models provide  in format ion  on the  
p rocesses  which l i m i t  product ion  and q u a n t i f i c a t i o n  o f  f lu x e s  to  the  
surrounding environment.
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The m a jo r i ty  of  s t u d i e s  on s a l i n e  macrophytes have d e a l t  l a r g e l y  with  
n u t r i e n t  s tand ing  s tocks  in  sediment and aboveground p l a n t  p a r t s  r a t h e r  than 
the  i n t e g r a t i o n  o f  these  paramete rs  in to  compartmental f lu x  models 
(Hopkinson and Schubauer,  1984). In a s tudy o f  n i t r o g en  dynamics in 
S p a r t i n a  a l t e r n i  f l o r a . Hopkinson and Schubauer (1984) q u a n t i t a t i v e l y  
e s t im ated  compartmental f l u x e s ,  up take ,  and r e l e a s e  t o  th e  environment.
Annual uptake by the  belowground component was es t im ated  a t  34 .8  g/m2 o f
which 33 .0  g/m were t r a n s f e r e d  t o  aboveground shoots .  Of t h i s  amount, 14.4 
o
g/m / y e a r  were l o s t  to  t h e  d e t r i t a l  compartment and a r e l a t i v e l y  low le v e l  
o
of  0 .7  g/m / y r  t o  l each ing .  S p a r t i n a  was shown to  conserve n i t r o g e n  by
t r a n s l o c a t i n g  17.9 g/m / y e a r  to  t h e  rhizomes a t  senescence.  Root dieback 
a lso  c o n t r ib u t e d  a s i g n i f i c a n t  amount to  t h e  sediment compartment o f  19.7
g/m2/ y r .
N u t r i e n t  models in f r e sh w a te r  wetlands a r e  r e l a t i v e l y  s c a r c e ,  y e t  t h e  
d i v e r s i t y  of  macrophyte s p e c ie s  n e c e s s i t a t e  t h e  q u a n t i f i c a t i o n  o f  
compartmental n u t r i e n t  f l u x e s .  Richardson e t  a l .  (1978) ,  working in a
nor the rn  wetland ecosystem, es t im ated  an annual n i t ro g en  uptake o f  3.0 g/m
by th e  aboveground biomass o f  l e a t h e r l e a f  and bog b i r c h  o f  which 2 .3  g/m2 
were l o s t  to  t h e  l i t t e r  compartment.  Phosphorus f lu x e s  were s i g n i f i c a n t l y
lower w i th  0.17 g / n r / y e a r  taken  up by aboveground biomass of which 0.10
g/m / y r  were l o s t  to  the  l i t t e r  component. Klopatek (1975) r e p o r t e d  annual
n i t rogen  uptake by the belowground component o f  20.75 g/m2 of  which 17.46
g/m were t r a n s lo c a t e d  t o  aboveground shoots in  a Sc i rpus  f l u v i a t i l i s  s tan d .
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Of t h i s  up take,  7.34 and 8.09 g/m / y e a r  were l o s t  t o  l e a c h a t e  and d e t r i t u s ,  
r e s p e c t i v e l y .  Sc i rous  conserved r e l a t i v e l y  l i t t l e  n i t r o g en  through
t r a n s l o c a t i o n ,  r e a l l o c a t i n g  only 2.03 g/m / y e a r  a t  senescence .  Phosphorus
f l u x e s  were lower  with  an annual uptake by th e  belowground component o f  5.33
2 2 g/m o f  which 3 .77  g/m were t r a n s f e r e d  to  aboveground shoots  and 2.20 and
1.13 g/m were l o s t  to  leach ing  and d e t r i t u s ,  r e s p e c t i v e l y .  Conservation o f
phosphorus was a l s o  low with a t r a n s l o c a t i o n  o f  0.44 g/m2/ y e a r  a t
senescence .  Walker (1981), in  a s tudy o f  Pe l tan d ra  v i r o i n i c a . rep o r ted  an
2annual t r a n s f e r  o f  8 .14 -9 .24  g/m t o  t h e  rhizomes from the  r o o t s  in poorly
d ra in ed  sediments  o f  which 10.47 g/m were t r a n s f e r e d  to  aboveground shoots .
Of t h e  t r a n s f e r  t o  th e  aboveground compartment, 7 .84-8 .94  g/m / y e a r  were 
l o s t  t o  d e t r i t u s  and a r e l a t i v e l y  low r a t e  o f  2 . 0 5 - 3 . 15g/m2/yr were 
t r a n s l o c a t e d  a t  senescence .  In w e l l -d ra in ed  sediments ,  annual t r a n s f e r  from
th e  ro o t s  to  th e  rhizomes was s i g n i f i c a n t l y  h ig h e r  a t  26.62-26.33 g/m2 of
which 10.11 g/m were t r a n s f e r e d  to  t h e  abveground shoo ts .  A s i g n i f i c a n t
l o s s  o f  n i t ro g en  to  d e t r i t u s  and le ach ing  o f  10 .31-10.56 g/m / y e a r  was
observed t o g e t h e r  with a low t r a n s l o c a t i o n  r a t e  o f  0.19 g/m / y e a r  a t  
senescence .  Compartmental phosphorus f lu x  l e v e l s  were s i g n i f i c a n t l y  lower.  
At t h e  poorly  d ra ined  s i t e ,  annual uptake by t h e  aboveground shoots  was
2 2 
es t im a ted  a t  2.08 g/m o f  which 1 .35-1 .70  g/m were l o s t  t o  d e t r i t u s  and
p
leach in g  and 0 ,3 7 -0 .7 2  g/m were t r a n s l o c a t e d  t o  the  rhizomes a t  senescence.  
At t h e  well d ra ined  s i t e ,  annual uptake by th e  shoot compartment was
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9 9es t im ated  a t  1.90 g/m o f  which 1 .80-1 .90  g/m were l o s t  t o  d e t r i t u s  and
o
leach ing  whi le  0 .09  g/m were t r a n s l o c a t e d  t o  t h e  rhizomes a t  senescence .  
The l im i t e d  a v a i l a b i l i t y  o f  n u t r i e n t  models o f  t h i s  type  po in t  t o  th e  need 
f o r  a d d i t io n a l  s t u d i e s  which inco rpo ra te  n u t r i e n t  s u b s t r a t e  dynamics in to  
comprehensive compartmental models.
Objec t ives
The primary o b je c t iv e  o f  th e  s tudy was t o  eva lu a te  and compare seasonal 
p r o d u c t i v i t y ,  n i t r o g e n ,  and phosphorus s u b s t r a t e  dynamics f o r  P e l tand ra  
v l r g i n i c a  and S p a r t i n a  cvnosuroides through the  development o f  models which 
q u a n t i t a t i v e l y  a s s e s s  annual compartmental s tand ing  s tocks  and flows. The 
secondary o b je c t iv e  o f  the  s tudy was to  e v a lu a te  and compare seasonal 
p a t t e r n s  o f  n i t r o g e n  and phosphorus use e f f i c i e n c y  in  th e  sh o o ts ,  r o o t s ,  and 
rhizomes and recovery  e f f i c i e n c y  in th e  shoots  o f  Pe l tan d ra  v i r g i n i c a  and 
S p a r t in a  cvnosuroides  through th e  development o f  e f f i c i e n c y  indexes .
Rat ionale
The dominant r o l e  o f  th e  emergent macrophyte s p e c ie s ,  a c t i n g  as  a type 
o f  n u t r i e n t  pump, which r e g u l a t e s  t h e  flow o f  n i t rogen  and phosphorus in 
t i d a l  f r e sh w a te r  we t lands ,  i s  g e n e r a l ly  well documented. C e r t a i n ly ,  
community s t r u c t u r e  i s  the  r e s u l t ,  a t  l e a s t  in  p a r t ,  o f  com pet i t ion  between 
these  s p ec ie s  f o r  a v a i l a b l e  r e so u rce s .  As th e  a b i l i t y  o f  macrophytes to  
cycle  n u t r i e n t s  i s  dependant on in d iv idua l  morphology and growth 
requ irem ents ,  as well  as lo ca l  sediment b iogeochemis try and n u t r i e n t  
a v a i l a b i l i t y ,  in d iv idua l  spec ie s  have evolved d i f f e r e n t  s t r a t e g i e s  f o r  
uptake and in te rn a l  cyc l ing  o f  n u t r i e n t s .  To d a te ,  however, t h e r e  a re  
r e l a t i v e l y  few models which a ttempt t o  q u a n t i fy  n u t r i e n t  pathways f o r  
ind iv id u a l  s p e c ie s .  As such, most general  models f o r  f r e sh w a te r  wetlands
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remain h y p o th e t i c a l .
A p o s s ib l e  exp lana t ion  f o r  th e  lack  o f  q u a n t i t a t i v e  n u t r i e n t  
compartmental models i s  th e  o f t e n  d i f f i c u l t  and t ime consuming t a s k  of  
s im ul taneous ly  measuring a l l  compartments necessa ry  in  model c o n s t r u c t i o n .  
For example, e s t im a te s  o f  belowground p r o d u c t i v i t y ,  which are  an e s s e n t i a l  
component o f  n u t r i e n t  models, a r e  v i r t u a l l y  n o n -e x i s t e n t  (Good e t  a l .  1982).
Es timates  o f  belowground p r o d u c t i v i t y  t h a t  a r e  a v a i l a b l e  o f ten  do not
s e p a r a t e  r o o t  and rhizome components but r a t h e r  use composite biomass f o r  
n u t r i e n t  an a ly se s .  This p r a c t i c e ,  however, provides  l i t t l e  in format ion  on 
belowground cyc l ing  mechanisms which,  in f a c t ,  may r e p r e s e n t  t h e  key to  
unders tand ing  n u t r i e n t  s t r a t e g i e s  in  p e re n n ia l s  with e x ten s iv e  rhizome 
s to r a g e  compartments.  Brinson and Davis (1976) ,  Klopatek (1978) ,  Richardson 
e t  a l . (1978),  Prentki  e t  a l .  (1978) ,  Walker (1981),  and K i s t r i t z  e t  a l .  
(1983) provide the  most comprehensive n u t r i e n t  models f o r  f r e sh w a te r  
macrophytes ,  y e t  only Walker (1981) s ep a ra te s  the  ro o t  and rhizome 
compartments when d e p ic t in g  annual f lows. As n u t r i e n t  models r e p r e s e n t  not 
only  th e  q u a n t i t a t i v e  a spec ts  o f  n u t r i e n t  cy c l in g  in t i d a l  f r eshw ate r  
wetlands  but a l so  t h e i r  a s s i m i l a t i v e  c ap a c i ty  and a b i l i t y  to  r e g u l a t e  
n u t r i e n t  f l u x e s ,  a d d i t io n a l  s t u d i e s  which q u a n t i fy  compartmental n u t r i e n t  
dynamics f o r  ind iv idua l  macrophyte spec ies  a r e  necessary .
There a re  g e n e r a l ly  two approaches to  t h e  c o n s t r u c t io n  o f  n u t r i e n t
models f o r  macrophyte communities. The f i r s t  approach involves  t h e  mass 
ba lance  o f  a l l  in pu ts  and o u tp u t s ,  which must be d i r e c t l y  measured (Whigham 
and Bayley,  1979). This approach, however, i s  im prac t ica l  f o r  severa l  
re a so n s .  F i r s t ,  i t  i s  v i r t u a l l y  impossible  t o  acount f o r  fo r  a l l  inpu ts  to  
(groundwater,  p l a n t  d ieback ,  r a i n f a l l ,  t i d a l  f l u s h in g ,  microbia l  a c t i v i t y )
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and ou tpu ts  ( l e a ch in g ,  t i d a l  f l u s h i n g ,  groundwater ,  p l a n t  uptake) from the  
system. Second, s ince  p l a n t  uptake i s  involved,  i so tope  t r a c e r  r a t e  
measurements a r e  necessa ry .  The use o f  i so to p es  r e s u l t s  in  a l a r g e  margin 
o f  e r r o r  e i t h e r  in  ob ta in in g  uniform t r a c e r  d i s t r i b u t i o n  in  sediments  and 
p l a n t  t i s s u e s  o r  in th e  e x t r a p o l a t i o n  o f  s h o r t - t e rm  uptake to  seasonal  
accumulation (P ren tk i  e t  a l .  1978).  The second approach, which w i l l  be used 
in t h i s  s tudy,  involves  monitor ing  in te rn a l  compartmental n u t r i e n t  s tanding  
s tocks  a t  c o n s ta n t  i n t e r v a l s  over an annual cy c le  (P rentk i  e t  a l .  1978; 
Whigham and Bayley,  1979).  Es timates  o f  annual flows between compartments 
and t o  the  surrounding  environment may then be c a l c u l a t e d  us ing changes in 
t h e se  s tanding  s to ck s .  The l a t t e r  approach p rov ides  a more accu ra te  
e s t im a te  o f  n u t r i e n t  flows due t o  th e  r e l a t i v e  s t a b i l i t y  o f  the  in t e r n a l  
compartments.  This approach a l s o  provides  i n s i g h t  in to  t h e  uptake,  
a s s i m i l a t i v e ,  and s to rag e  c a p a c i t i e s  o f  macrophytes and t h e i r  a s so c ia t e d  
sediment compartments.
R e la t iv e  macrophyte growth s t r a t e g i e s  g e n e r a l ly  invo lve  adap ta t ions  to  
lo ca l  environments which allow each spec ies  to  e f f i c i e n t l y  compete fo r  
a v a i l a b l e  n u t r i e n t  r e so u rce s .  Adapta t ions  may inc lude  morphological  
s t r u c t u r e s ,  t im ing  o f  above- and belowground p r o d u c t i v i t y ,  and the  a b i l i t y  
to  use and conserve a v a i l a b l e  n u t r i e n t s .  The r e l a t i o n s h i p  between biomass 
product ion  and n u t r i e n t  s tanding  s tocks  i s  g e n e r a l ly  de f ined  in terms of use 
and recovery  indexes .  Use e f f i c i e n c y  i s  g e n e r a l ly  es t im ated  by d iv id in g  
biomass by n u t r i e n t  mass while recovery  e f f i c i e n c y  i s  e s t im ated  by d iv id ing  
the  d i f f e r e n c e  in  n u t r i e n t  mass in  l i v e  and dead t i s s u e s  by n u t r i e n t  mass in 
l i v e  t i s s u e s  (Shaver and M e l i l lo ,  1984). The e f f i c i e n c y  w i th  which a
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spec ie s  uses  and recovers  n u t r i e n t s  may ex p la in ,  a t  l e a s t  in p a r t ,  
ind iv idua l  n u t r i e n t  s t r a t e g i e s  o f  t i d a l  f r e sh w a te r  macrophytes.
Use and recovery  e f f i c i e n c y  a lso  have ecosystem le v e l  im p l i c a t io n s .  As 
recovery e f f i c i e n c y  d e c rea se s ,  l e v e l s  o f  n u t r i e n t s ,  e s p e c i a l l y  n i t r o g en  and 
phosphorus, in  l i t t e r  in c re a se s  which, in  t u r n ,  i s  r e l e a s e d  through 
decomposit ion (Vitousek, 1982). Since high n u t r i e n t  l i t t e r  decomposes more 
r a p i d l y ,  t h i s  may r e s u l t  in  s i g n i f i c a n t  n u t r i e n t  pu lses  t o  the  environment 
(M el i l lo  e t  a l . 1982). S im i l a r ly ,  i f  recovery  e f f i c i e n c y  decreases  then 
n u t r i e n t  demands f o r  primary p r o d u c t i v i t y  must be met through de novo roo t  
uptake (Turner,  1977; Gray and S c h le s in g e r ,  1983; in Shaver and M e l i l lo ,  
1984),  r e s u l t i n g  in g r e a t e r  energy expendi tu re  f o r  n u t r i e n t  uptake and l e s s  
a v a i l a b l e  energy f o r  growth and maintenance.  This  r e s u l t s  in  a decreased 
a b i l i t y  t o  compete with o th e r  spec ies  f o r  a v a i l a b l e  re so u rce s  and a 
decreased r o l e  in  t h e  community. Coversely,  as e f f i c i e n c y  in c r e a s e s ,  the re  
w i l l  be l e s s  uptake and, t h e r e f o r e ,  l e s s  tu rnove r  o f  n u t r i e n t s  w i th in  the 
system. Shaver and M el i l lo  (1984) suggested  t h a t ,  in f a c t ,  more e f f i c i e n t  
macrophytes should become dominant in sediments  c h a r a c t e r i z e d  by low 
n u t r i e n t  a v a i l a b i l i t y .  E f f ic ien c y  indexes ,  then ,  should provide  i n s i g h t  
in to  r e l a t i v e  n i t ro g en  and phosphorus eyeing s t r a t e g i e s  in  r e l a t i o n s h i p  to  
a v a i l a b i l i t y  and uptake.
Hypotheses
The f i r s t  hypothes is  s tu d ied  was t h a t  seasonal  n i t r o g en  and phosphorus 
s tand ing  s tocks ,  which r e f l e c t  uptake and i n t e r n a l  c y c l i n g ,  in  th e  shoots ,  
r o o t s ,  and rhizomes of  Pe l tandra  v i r a i n i c a  and S oa r t ina  cvnosuroides  are  
independent  of sediment n i t ro g en  and phosphorus s tand ing  s to ck s ,  which 
r e f l e c t  a v a i l a b i l i t y .  The second hypothes is  s tu d ied  was t h a t  seasonal 
n i t ro g en  and phosphorus s tand ing  s to c k s ,  which r e f l e c t  uptake and in te rn a l  
c y c l in g ,  a re  in te rd ep en d en t ,  or covary ,  in  t h e  shoo ts ,  r o o t s ,  and rhizomes 
o f  Pe l tan d ra  v i r a i n i c a  and Spa r t ina  cv nosu ro ides .
R a t iona le
I t  has been suggested t h a t  macrophyte uptake o f  n i t ro g en  and phosphorus 
by aboveground shoots  i s  p ro p o r t io n a l  to  the  a v a i l a b i l i t y  o f  t h e s e  n u t r i e n t s  
in  the  sediments (Klopatek,  1978). This  i s  u n l ik e ly  in  most t i d a l  
f r e sh w a te r  p e r r e n i a l s  fo r  severa l  re a so n s .  F i r s t ,  u n l ik e  annuals which must 
depend on de novo r o o t  uptake to suppor t  seasonal p r o d u c t i v i t y ,  p e re n n ia l s  
such as Pe l tandra  v i r a i n i c a  and S p a r t i n a  cvnosuro ides . which have an 
ex ten s iv e  rhizome s to rag e  compartment,  may r e l y  on r e a l l o c a t i o n  o f  n u t r i e n t s  
which have been s to r e d  overwin ter  (Van der  Linden, 1980; K i s t r i t z  e t  a l .  
1983).  This type o f  p e r r e n i a l  o f ten  e x h ib i t s  a phenomenom r e f e r r e d  to  as 
"luxury  uptake" in  which e a r l y  spr ing  shoot growth i s  c h a r a c t e r i z e d  by 
excess ive  accumulation o f  n u t r i e n t s  r e a l l o c a t e d  from th e  rhizomes.  As such,
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th e  flow o f  n u t r i e n t s  t o  aboveground shoo ts  have l i t t l e  r e l a t i o n s h i p  to  
a v a i l a b l e  sediment n u t r i e n t s .  Second, i t  has been demonst rated t h a t  the  
m a jo r i ty  o f  n i t r o g e n ,  and in most cases  t h e  m a jo r i ty  o f  phosphorus,  in 
wet land sediments  i s  in  the  o rgan ic  form which i s  not a v a i l a b l e  f o r  uptake 
(Haines e t  a l . 1977; P a t r i c k  and DeLaune, 1980; Bowden, 1982).  As a r e s u l t ,  
ino rgan ic  n u t r i e n t  poo ls ,  which g e n e r a l ly  become a v a i l a b l e  through microbial  
a c t i v t y  and c e r t a i n  geochemical p rocesses ,  and a re  s u b je c t  t o  high tu rn o v e r ,  
a re  r e l a t i v e l y  low in  r e l a t i o n s h i p  to  shoot accumulation (DeLaune and 
P a t r i c k ,  1980; Bowden, 1982).
In th eo ry ,  t i d a l  f r e sh w a te r  macrophytes would be a t  a d i s t i n c t  
d isadvantage  i f  dependant on uptake from th e  sediments to  suppor t  seasonal 
p r o d u c t iv i t y .  C h a r a c t e r i s t i c  r a p id  pe r iods  of growth dur ing  which 
macrophytes reach peak s tanding  crop o f f e r s  c e r t a i n  adap t ive  advantages ye t  
would r e q u i r e  a tremendous expenditure  o f  energy f o r  the  a c t i v e  t r a n s p o r t  o f  
n u t r i e n t s  ac ross  the  r o o t  i n t e r f a c e .  The energy expend i tu res  a re  compounded 
by th e  f a c t  t h a t  macrophytes must overcome hypoxia and o th e r  s t r e s s e s  in the  
uptake o f  n u t r i e n t s  from the  sediment.  As a r e s u l t ,  most macrophyte spec ies  
have c e r t a i n  a d ap ta t io n s  which allow seasonal  aboveground shoot  production 
to  proceed d e s p i t e  the  low l e v e l s  of a v a i l a b l e  n u t r i e n t s  o f t e n  observed in 
t i d a l  f r e sh w a te r  we t lands .  The r e l a t i o n s h i p  between a v a i l a b l e  sediment 
n u t r i e n t s  and aboveground uptake provides  in s ig h t  i n to  whether n u t r i e n t s  are  
a c t u a l l y  l i m i t i n g  in t i d a l  f r e shw a te r  we t lands .  Moreover, t h e  
q u a n t i f i c a t i o n  o f  t h i s  r e l a t i o n s h i p  should expla in  how c e r t a i n  macrophytes 
have adapted to  the  a c q u i s i t i o n  o f  n u t r i e n t s  in a s t r e s s f u l  environment.  As 
seasonal macrophyte biomass i s  considered  a s i g n i f i c a n t  s to r a g e  compartment 
f o r  n i t rogen  and phosphoruis, w h i le  the  sediment compartment i s  g e n e r a l ly
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desc r ibed  in  terms o f  i t s  n u t r i e n t  a s s i m i l a t i v e  c a p a c i ty ,  an unders tanding  
o f  t h i s  r e l a t i o n s h i p  i s  e s s e n t i a l .
The hypothesized  in te rdependen t  behavior o f  n i t r o g en  and phosphorus in 
t h e  shoot,  r o o t ,  and rhizome compartments o f  t i d a l  f r e sh w a te r  macrophytes i s  
based on th e  apparen t  requirement o f  n i t ro g en  and phosphorus in  c e r t a i n  
p ro p o r t io n s  which e v e n tu a l ly  approach an "optimum" r a t i o  (Shaver and 
M e l i l l o ,  1984).  Shaver and M e l i l lo  demonstrated t h a t  n i t rogen  and 
phosphorus a r e  in te rdependent  in severa l  marsh macrophytes and suggested 
t h a t  th e re  i s  an i n t e r a c t i o n  between n i t ro g en  and phosphorus.  The au thors  
based t h i s  sugges t ion  on the  f a c t  t h a t  t i s s u e  n i t r o g en  to  phosphorus r a t i o s  
were c o r r e l a t e d  with growth s o lu t io n  r a t i o s ,  a l though t i s s u e  r a t i o s  were 
l e s s  extreme, and t h a t  th e  luxury  uptake o f  one n u t r i e n t  occurred  when th e  
o t h e r  was l i m i t i n g .  I f  indeed macrophytes do tend towards an "optimum" 
n i t r o g e n  to  phosphorus r a t i o  then the  seasonal cy c l in g  o f  t h e s e  n u t r i e n t s  
should  be in te rd ep en d en t .
E c o lo g ica l ly ,  uptake and use o f  n i t rogen  and phosphorus in  c e r t a i n  
p ropo r t ions  should provide  P e l tand ra  and Spar t ina  with  c e r t a i n  advantages  in 
te rms o f  e f f i c i e n t  re sou rce  u t i l i z a t i o n .  For example, e a r l y  shoot 
c o n c e n t r a t io n s  o f  h ighe r  n i t rogen  to  phosphorus r a t i o s  r e s u l t s  in high 
l e v e l s  of c h l o r o p l a s t  s y n th es i s  which allow maximum u t i l i z a t i o n  o f  s u n l ig h t  
f o r  t h e  production  of  energy (ATP) and reducing power (NADPH). As shoot 
biomass i n c r e a s e s ,  n i t ro g en  to  phosphorus r a t i o s  may decrease  as increased  
phosphorus i s  r e a l l o c a t e d  from t h e  rhizomes f o r  use in  in te rm ed ia te  
compounds and enzymes o f  the  Calvin  cycle ,  c e l l  wall phospho l ip ids ,  and ATP 
s y n t h e s i s ,  which,  in t u r n ,  al lows maximum carbon f i x a t i o n  to  pho tosyn tha te .  
In rhizome t i s s u e ,  n i t r o g en  and phosphorus s tand ing  s tocks  in  c e r t a i n
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p ro p o r t io n s  allow s to ra g e  o f  th e se  n u t r i e n t s  in r a t i o s  r e q u i r e d  fo r  
maintenance and s t r u c t u r a l  components, as well as f o r  r e a l l o c a t i o n  to  ro o t  
and shoot  biomass.  Root n i t ro g en  to  phosphorus r a t i o s  r e f l e c t  demand o f  
t h e se  n u t r i e n t s  f o r  s t r u c u r a l  components ( p r o t e in s  and phospho l ip ids )  and 
energy re q u i r e d  f o r  n u t r i e n t  uptake (ATP), and, as such, should covary in 
response  t o  demand. Nitrogen and phosphorus may no t  covary in  the  sediments 
due to  d i f f e r e n t  uptake and tu rnove r  r a t e s ,  as well  as biogeochemical 
p rocesses  which c o n t ro l  sediment s tand ing  s to ck s .  Development o f  the  
n i t ro g en  - phosphorus r e l a t i o n s h i p  in  th e  sedim ents ,  however, should he lp  
de f in e  t h e  r o l e  o f  sediments  in  cyc l ing  and s to rag e  of  t h e s e  n u t r i e n t s  and 
the  r e l a t i o n s h i p  between th e  macrophyte community and th e  sedim ents .  The 
r e l a t i o n s h i p  between n i t ro g en  and phosphorus,  th en ,  should provide  
a d d i t io n a l  i n s i g h t  i n t o  ind iv idua l  n u t r i e n t  cy c l in g  s t r a t e g i e s  o f  Pe l tandra  
and S p a r t i n a .
Study Site
Sweethall  marsh (37° 34 ’N 76° 33’W) i s  one o f  severa l  e x ten s iv e  t i d a l  
f r e sh w a te r  marshes,  inc lud ing  Coho, Cousine, Lee, and Eltham, lo c a ted  
approximate ly  19km from th e  mouth o f  the  Pamunkey River,  which t o g e t h e r  with 
th e  Mattaponi River ,  forms th e  upper po r t io n  o f  th e  York River Basin w i th in  
the  Chesapeake Bay e s t u a r i n e  system (F igure  1 ) .  The marsh i s  a p e n in su l a r  
area  c o n s i s t i n g  o f  over 44 ha o f  wet lands ,  29 ha o f  wooded swamp, and 30 ha 
o f  open s treams (Doumlele, 1981) and a border  o f  approximate ly  7.4  km 
(F igure  2 ) .  Located in a meandering po r t io n  o f  the  Pamunkey River which
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d ra in s  an area  o f  approximately 100 km , Sweethall  Marsh i s  bounded on th re e  
by th e  Pamunkey River one s ide  by an e leva ted  a g r i c u l t u r a l  a rea  and f o r e s te d  
watershed .  Sediments,  which c o n s i s t  of s i l t y ,  c lay  loam and t e r r a c e  mixed 
sediments ,  support  an ex ten s iv e  macrophyte community dominated by Pe l tandra  
v i r g i n i c a . S p a r t i n a  cvnosuro ides . Z izan ia  a o u a t i c a . Tvpha l a t i f o l i a . Leers ia  
o r v z o id e s . and S c i rp u s .
Sweethall  marsh i s  f lushed  tw ice  d a i l y  by t i d a l  waters  which are  
r e l a t i v e l y  t u r b i d  due t o  th e  l a r g e  amount o f  suspended sediments  and organic  
m a t e r i a l s .  Tidal waters  a re  d ra ined  by an a r r a y  o f  c reeks  and channels 
which extend throughout th e  marsh. These c reeks  and channe ls ,  in t u r n ,  
empty in to  th e  Pamunkey River .  The c l im ate  o f  the  a rea  i s  c l a s s i f i e d  as
humid, s u b - t r o p i c a l  with an annual tempera ture  o f  13.4°C. Annual
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Figure  1. Chesapeake Bay Estuary in  V i rg in i a  and th e  l o c a t i o n  o f  Sweethall 
Marsh on the  Pamunkey River.
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Figure  2 Sweethall  Marsh study s i t e  lo c a ted  apparoximately 19 km from the  
mouth o f  the  Pamunkey River with  th e  l o c a t io n  o f  t h e  permanent 
qu ad ra t s .
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p r e c i p i t a t i o n  i s  lowest  between September and January ,  and h ig h e s t  in Ju ly  
and August. S a l i n i t y  ranges  between 0-5  ppt w i th  mean and sp r ing  t i d a l  
ranges a t  82 and 94 cm, r e s p e c t i v e l y .  P o l lu t io n  appears t o  be minimal.
The s tudy s i t e ,  which c o n s i s t s  o f  a g e n t ly  s lop ing  creekbank, dominated 
by a monotypic s tand  o f  P e l tand ra  v i r a i n i c a . and a s l i g h t l y  e lev a te d  levee  
reg ion ,  dominated by a monotypic s tand  o f  S p a r t i n a  cynosu ro ides . i s  loca ted  
along one o f  th e  major channels  which extends from th e  Pamunkey River in to  
th e  marsh (Figure  2 ) .  The s i t e  i s  bounded on t h r e e  s id e s  by th e  channel and 
two sm a l le r  c reek s ,  a l l  o f  which d ra in  the  s i t e .  The remaining boundary 
c o n s i s t s  o f  an ex ten s iv e  mixed macrophyte community which extends  t o  the  
a g r i c u l t u r a l  a re a .  Sediments on th e  creekbank a re  r e l a t i v e l y  well dra ined  
while t h e  levee  sediments tend  to  be more water logged and a re  o f ten  
c h a r a c t e r i z e d  by low l e v e l s  o f  s tand ing  water fo llowing ebb t i d e .
M ate r ia l s  and Methods
Experimental Design
Data was c o l l e c t e d  a t  monthly i n t e r v a l s  from May, 1987 through May, 
1988. Sampling d a te s  were January  6, February 15, March 5, April  2, May 3, 
June 5, Ju ly  6, August 6, September 3, October 1, December 16. P r io r  to  
sampling,  a permanent quadra t  (15 x 40 meters) was e s t a b l i s h e d  a t  the  study 
s i t e .  The permanent quadra t  c o n s i s t e d  o f  two sm a l le r  q u ad ra t s .  The f i r s t  
was a 5 x 40 meter creekbank a rea  dominated by a monotypic s tand  of  
P e l tan d ra  v i r q i n i c a . The second was an ad jacen t  10 x 40 meter s l i g h t l y  
e l e v a te d  levee  a rea  dominated by a monotypic s tand  of  S p a r t in a  cynosuro ides . 
As such, t h e  two sm al le r  quadra ts  shared a common boundary ex tending 40 
meters which, in e f f e c t ,  d e l i n e a t e d  th e  creekbank and the  s l i g h t l y  e leva ted  
le v ee ,  as well as th e  two s p e c i e s .  Each o f  the  sm al le r  quadra ts  was d ivided 
2
in to  1 m su b -quadra t s .  At each monthly sampling in t e r v a l  t h e  sub-quadra ts  
were randomly s e l e c t e d  f o r  t h e  c o l l e c t i o n  o f  aboveground shoo ts ,  belowground 
ro o ts  and rhizomes,  and sediment co res .  I f  a quadra t  had been d i s tu rb e d  or 
p rev io u s ly  sampled, an a d d i t io n a l  quadra t  was randomly s e l e c t e d .
Fie ld  Sampling
Aboveground Biomass
2
Each month f i v e  I m sub-quadra t s  were randomly s e l e c t e d  in both the
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P e l tand ra  and S pa r t ina  quadra ts  f o r  e s t im a t ing  aboveground biomass s tanding
s to ck s .  Within each o f  these  sub-quadrats  th e  c e n t e r  0.25 m p lo t  was 
ha rves ted  by c l ip p in g  th e  shoots  approximately 2 cm above th e  sediment 
su r fa ce .  Shoots were s to red  in p l a s t i c  bags,  re tu rned  to  th e  lab ,  separa ted  
in to  l i v e  and dead components, and washed c lean  o f  sediments and d e b r i s .
Shoots were then d r i e d  in a c i r c u l a t i n g  a i r  d rye r  a t  75 °C f o r  approximately 
7 days or  u n t i l  no p e rc e p t ib l e  change in weight was observed. The f i v e  
weights were recorded and a mean s tanding biomass was c a lc u la te d  f o r  each
p
month. Values were then converted to  g/m .
Belowground Biomass
To e s t im ate  Pe l tandra  belowground biomass standing s tocks ,  s ix  0.50 m^  
quadra ts  were s e le c ted  with in  the  Pe l tandra  s tand in June 1987 which 
appeared to  support  eq u iva len t  aboveground biomass s tanding s tocks .  
Approximately every o th e r  month, beginning in J u ly ,  1987, belowground 
biomass, c o n s i s t in g  o f  roo ts  and rhizomes,  a t  one o f  these  quadra ts ,  was
p
sampled by complete excavation o f  the  0.50 m quadra t  to  a depth of  1 m. 
Belowground biomass was s to red  in p l a s t i c  bags,  re tu rned  to  th e  lab o ra to ry ,
p
and washed clean of sediments and deb r i s  using 1 cm mesh s ieve .
Belowground biomass was then separa ted  in to  l i v e  roo ts  and rhizomes,  based
on co lo r  and t u r g i d i t y ,  and d r ied  in a c i r c u l a t i n g  a i r  dryer  a t  75°C f o r
approximate ly 10 days o r  u n t i l  no p e rc e p t ib l e  change in weight was observed.
Separa te  dry  weights o f  both roo ts  and rhizomes were recorded and converted 
o
to  g/m .
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S p a r t i n a  belowground biomass s tand ing  s tocks  were e s t im ated  using  a 
m od i f ica t io n  o f  th e  method desc r ibed  by Hackney and de l a  Cruz (1986).  At 
approximate monthly i n t e r v a l s  between June,  1987 and Hay, 1988, belowground 
biomass was sampled in each o f  the  sub-quadra ts  s e l e c t e d  f o r  sampling 
aboveground biomass,  using s t a i n l e s s  s t e e l  co re  tubes  ( 10 cm in d iameter  by 
50 cm in  l e n g t h ) .  A t o t a l  o f  s ix  belowground biomass cores  were taken each 
month. Core tubes  were hand dr iven  t o  a depth o f  50 cm w i th in  th e se  
q u a d ra t s ,  e x t r a c t e d ,  s ea led ,  and re tu rn ed  t o  t h e  l a b o r a to r y .  Here the  
sediment cores  were ex truded and washed c lean  o f  sediments and d e b r i s  using
a 1 cm mesh s i e v e .  P lan t  t i s s u e s  were then sep a ra ted  in to  l i v e  ro o t s  and 
rhizomes,  based on c o lo r  and t u r g i d i t y ,  and d r i e d  in a fo rced  a i r  d ry e r  a t
70°C f o r  approximate ly  7 days or  u n t i l  no p e r c e p t i b l e  change in weight was 
observed.  Separa te  dry  weights o f  r o o t s  and rhizomes were recorded  and a 
mean monthly s tand ing  s tock  f o r  each c a l c u l a t e d .  Root and rhizome dry
weights  were then conver ted  t o  g/m .
Sediment Cores
Each month dur ing  the  growing season, March to  October ,  and in 
December, sediments were sampled in both P e l tand ra  and Sp a r t in a  quad ra ts .  
Pe l tan d ra  sediments  were sampled using s t a i n l e s s  s t e e l  core  tubes  7 .5  cm in 
d iam eter  to  a depth o f  100 cm. Sp a r t in a  sediments were sampled using 
s t a i n l e s s  s t e e l  core  tubes  7 .5  cm in d iameter  t o  a depth o f  50 cm. In 
und is tu rbed  a reas  ad jacen t  t o  the  quadra ts  sampled f o r  above- and 
belowground biomass, core  tu b es  were hand dr iven  t o  t h e  a p p ro p r ia t e  depth .  
Core tubes  were e x t r a c t e d ,  s e a le d ,  and re tu rn ed  to  th e  l a b o r a to r y .
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P e l tand ra  sediment cores  were extruded and sec t ioned  a t  0-10, 10-25, 25-50, 
50-75, and 75-100 cm while  S p a r t in a  sediment cores  were extruded and 
s ec t ioned  a t  0-10, 10-20, 20-30, 30-40, and 40-50 cm. Wet sediment core
s e c t io n s  were placed in s t e r i l i z e d  p l a s t i c  bags and s to re d  a t  15°C f o r  bulk 
d e n s i t y  and n u t r i e n t  ana lyses  (12-24 h r ) .
Nitrogen and Phosphorus Leaching Experiment
Leaching r a t e s  of  n i t ro g en  and phosphorus in shoots  o f  P e l tand ra  were 
es t im ated  in  s i t u  using a m od if ica t ion  o f  the  method sugges ted by Gallagher 
e t  a l .  (1976) and chambers modif ied to  accomodate aboveground biomass.  In 
t h e  m od i f ica t io n  o f  th e  Gal lagher  e t  a l . method, sh o o ts ,  which inc luded  the  
s t a l k  and l e av e s ,  were c l ip p ed  a t  the  bases and s ea led  with s t e r i l i z e d  l a t e x  
to  prevent g u t t a t i o n .  Shoots were r in se d  with d i s t i l l e d  water  and placed in 
s t e r i l i z e d  p l a s t i c  bags f i l l e d  with  4 .5  l i t e r s  o f  f i l t e r e d  e s t u a r i n e  water 
(45um f i l t e r )  c o l l e c t e d  from th e  ad jacen t  channel.  The bags were s ea led  and 
placed a t  th e  sediment su r fa ce  f o r  approximately  3 hours.  In a concur ren t  
s tudy, l each ing  was es t im ated  us ing modified f i b e r g l a s s  chambers 40 cm in 
l eng th .  These chambers were open a t  one end, which had an approximate 20 cm 
d iameter ,  and s ea le d  a t  t h e  o th e r  end, which had an opening o f  approximately 
5 cm. The 5 cm opening was placed over growing shoots  so t h a t  the  shoots 
were enclosed w i th in  the  chamber and sea led  using a s p l i t  rubber s toppe r .
The chambers were then s lowly f i l l e d  with 4 .5  l i t e r s  o f  f i l t e r e d  e s t u a r i n e  
water and allowed to  s i t  f o r  approximate ly  t h r e e  hours .  At the  conclus ion 
o f  th e  exper iments ,  the  l e ac h a te  from each experimental  bag and each chamber 
was d ra ined  s e p a r a t e ly  i n to  250 ml brown Nalgene c o n t a i n e r s .  Likewise,  
c l ipped  shoots  from the  experimenta l  bags and chambers were placed in
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ind iv idua l  s t e r i l i z e d  p l a s t i c  bags and re tu rned  to  t h e  l a b o ra to ry .  Here
shoot biomass was d r i e d  a t  70°C in a forced a i r  d ry e r  f o r  approximately 48 
hours and t h e  weights  recorded . Leachate samples were frozen f o r  fu tu r e  
n u t r i e n t  ana lyses .
Leaching r a t e s  o f  n i t rogen  and phosphorus in shoots  o f  S pa r t ina  were 
es t imated  in s i t u  using a m od if ica t ion  o f  th e  method desc r ibed  by Gallagher 
e t  a l .  (1976) and polyethelyne  tubes designed to  accomodate aboveground 
shoots .  In the  m odif ica t ion  o f  the  Gallagher e t  a l .  method, de tached leaves  
were r i n s e d  with d i s t i l l e d  water ,  sea led  a t  the  base with s t e r i l i z e d  l a t e x  
t o  prevent g u t t a t i o n ,  and placed in s t e r i l i z e d  p l a s t i c  bags f i l l e d  with 3 
l i t e r s  o f  f i l t e r e d  (45um f i l t e r )  e s tu a r in e  water .  The bags were sea led  and 
placed a t  t h e  sediment su r face  a t tached  to  severa l  r in g  s tands  f o r  
approximately 3 hours .  In a conceuurent s tudy, leach ing  was es t imated  using 
polye thy lene  tubes 4 ,5  cm in diameter and 125 cm in l e n g th .  The tubes  were 
placed over  severa l  growing shoots so t h a t  th e  shoots  extended th e  leng th  of 
t h e  tube and sea led  a t  the  shoot bases with a s p l i t  rubber s topper .  The 
tubes  were then a t tached  to  r in g  s tands ,  slowly f i l l e d  with 2 l i t e r s  of  
f i l t e r e d  e s tu a r in e  water ,  and allowed to  stand f o r  approximate ly  th re e  
hours .  At the  conclusion  o f  the  exper iments,  l e ac h a te  from each o f  the  
p l a s t i c  bags and each of  the  tubes  was dra ined s e p a r a t e ly  in to  250 ml brown 
Nalgene c o n ta in e r s .  Likewise, c l ipped  shoots  from th e  tubes  and detached 
leaves  from the  bags were placed in ind iv idua l  s t e r i l i z e d  p l a s t i c  bags and
re tu rned  t o  the  l ab o ra to ry .  Here, shoots  and leaves  were d r ied  a t  70°C a 
fo rced  a i r  d rye r  f o r  approximately 48 hours and the  weights recorded. 
Leachate samples were frozen f o r  f u tu r e  n u t r i e n t  ana lyses .
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Labora tory  Analyses
P la n t  T issue  Nitrogen
Monthly n i t ro g en  c o n ce n t ra t io n  in  th e  sh o o ts ,  r o o t s ,  and rhizomes was 
determined using random sub-samples o f  d r i e d  p l a n t  t i s s u e s .  Dried samples 
o f  whole shoots  ( in c lu d in g  th e  s t a l k  and l e a f ) ,  r o o t s ,  and rhizomes were 
ground s e p a r a t e l y  in a Wiley Mill through a #40 mesh sc reen .  Five 
r e p l i c a t e s  o f  each t i s s u e  type  were then analyzed f o r  n i t ro g en  on a Carlo 
Erbo NA 1500 CNS Autoanalyzer.  Monthly shoot ,  r o o t ,  and rhizome n i t ro g en  
s tand ing  s tocks  were e s t im a ted  by m u l t ip ly ing  monthly biomass s tanding  
s tocks  by t i s s u e  co n ce n t ra t io n .
P l a n t  T issue  Phosphorus
Phosphorus co n ce n t ra t io n s  in the  shoo ts ,  r o o t s ,  and rhizomes was 
determined using th e  method desc r ibed  by the  Soil  Tes t ing  Laboratory a t  
V i rg in i a  Po ly techn ic  I n s t i t u t e  and S t a t e  U n iv e r s i ty .  Approximate 1 g sub­
samples o f  d r i e d  shoot,  r o o t ,  and rhizome t i s s u e s  were ashed a t  550°C f o r  5 
hours.  The ashed samples were p laced in  p l a s t i c  Nalgene c e n t r i f u g e  tu b es ,  
d i s so lv ed  with 5 ml concen t ra ted  12 N HCL, and slowly brought t o  a 50 ml 
volume with d i s t i l l e d  w a te r .  The ind iv idua l  samples were then f i l t e r e d  on a 
Whatman 45um f i l t e r  and read as orthophosphate  on an Orion Autoanalyzer.  
Monthly shoo t ,  r o o t ,  and rhizome phosphorus s tand ing  s tocks  were e s t im ated  
by m u l t ip ly in g  monthly biomass s tand ing  s tocks  by monthly t i s s u e  
c o n c e n t r a t io n .
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Leachate Nitrogen
Total le a c h a te  n i t ro g e n  was determ ined using th e  method d e sc r ib e d  by 
EPA (1979). Leachate sub-samples were su b jec ted  to  a potassium  p e r s u l f a t e
d ig e s t io n  in  an au toc lave  a t  100°C followed by th e  a d d i t io n  o f  0 .3  N HCL and 
a b o ra te  b u f f e r .  The samples a re  then read as n i t r a t e  on a Technicon 
A utoanalyzer.
Leachate Phosphorus
T otal le a c h a te  phosphorus was determ ined using  th e  method o u t l in e d  by 
EPA (1979). Leachate sub-samples were su b jec te d  to  an ammonium p e r s u l f a t e
d ig e s t io n  in an au toc lave  a t  120°C followed by a pH adjustm ent with 6 N NaOH 
and 1 N HgSO^. Samples a re  then  read as orthophosphate  on an Orion
A utoanalyzer.
Sediment Total N itrogen
Total n i t ro g en  co n ce n tra t io n  a t  each depth was determined using d r ied
sub-sam ples. At each depth a 2 cm3 plug was e x t r a c te d  and d r ie d  a t  70°C in 
a fo rced  a i r  d ry e r  f o r  approxim ately  24 hours . The p lugs were then  ground 
in a Wiley H il l  through a #40 mesh screen  and analyzed on a Carlo Erbo NA 
1500 CNS A utoanalyzer.
Sediment Inorgan ic  Nitrogen
Ammonium and n i t r a t e  l e v e l s  a t  each depth were determ ined us ing  f re sh  
sediment sub-sam ples. Approximate 5 g p lugs were ob ta ined  from each depth , 
placed in 50 ml Nalgene c e n t r i fu g e  tu b e s ,  and e x t r a c te d  f o r  1 hour in  40 ml
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o f  1 N KCL on a re c ip ro c a l  shaker t a b l e .  The tubes  were then c e n tr i fu g e d  a t  
10000 rpm f o r  10 m inutes and th e  e x t r a c t a n t  f i l t e r e d  through a Whatman 45um 
f i l t e r .  To remove H2S gas, th e  f i l t r a t e  was a d ju s ted  to  pH 1 with 12 N HCL
and bubbled f o r  approxim ately  15 minutes with N2 gas on a Meyer A n a ly tica l
E vapora to r. The f i l t r a t e  was then  a d ju s ted  to  pH 7 w ith  12 N NaOH and 
analyzed  f o r  ammonium and n i t r a t e  on a Technicon A utoanalyzer. Ammonium was 
determ ined as an indophenol dye a t  630 nm w hile  n i t r a t e  was reduced t i  
n i t r i t e  on a cadmium,column and read as a d iazode dye a t  543 nm.
Sediment Total Phosphorus
Total phosphorus le v e l s  a t  each depth were determ ined using th e  method 
d e sc r ib e d  by A sp ila  e t  a l .  (1976). Approximate 5 g p lugs o f  f re sh  sediment
from each depth were d r ied  a t  70°C in  a forced  a i r  d ry e r  f o r  48 hours . The
sedim ents were then ashed a t  550°C f o r  6 hours and weighed. Ashed samples 
were then  p laced  in 50 ml Nalgene c e n t r i fu g e  tu b es  and e x t ra c te d  f o r  14-18 
h r  with 1 N HCL on a re c ip ro c a l  shaker t a b l e .  The tu b es  were then 
c e n tr i fu g e d  a t  10000 rpm f o r  10 minutes and th e  e x t r a c t a n t  f i l t e r e d  through 
a Whatman 45 urn f i l t e r .  The f i l t r a t e  was then d i lu te d  25:1 and read as 
o r thophosphate  on an Orion A utoanalyzer.
Sediment Inorgan ic  Phosphorus
Inorgan ic  phosphorus l e v e l s  a t  each depth was determined using th e  
method d esc r ib ed  by th e  Soil T es ting  Laboratory  a t  V irg in ia  P o ly techn ic  
I n s t i t u t e  and S ta te  U n iv e rs i ty .  Approximate 5 g p lugs o f  f r e s h  sediments 
were p laced  in  50 ml Nalgene c e n t r i fu g e  tu b es  and e x t ra c te d  in  a 0.05 N HCL
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and 0.025 N HgSO  ^ s o lu t io n  on a re c ip ro c a l  shaker t a b l e  f o r  1 hour. Samples
were then  c e n tr i fu g e d  a t  10000 rpm f o r  10 m inutes and th e  e x t r a c ta n t  
f i l t e r e d  through a Whatman 45um f i l t e r .  To remove HgS g as ,  th e  f i l t r a t e  was
a d ju s te d  t o  pH 1 w ith  12 N HCL and bubbled w ith  Ng gas f o r  approxim ately  15
minutes on a Meyer A n a ly tic a l  Evapora tors . The f i l t r a t e  was th e  ad ju s ted  to  
pH 7 w ith  12 N NaOH and analyzed as a molybdate complex a t  880 nm on a 
Technicon A utoanalyzer.
Sediment Bulk Density
O
Sediment bulk  d e n s i t i e s  were e s tim ated  using modified 5 cm sy r in g e s .
At each depth a 2 cm wet sediment plug was ob ta ined  and weighed. The plugs
were then  p laced  in  a fo rced  a i r  d ry e r  a t  70°C f o r  approxim ately  48 hours 
and reweighed. Bulk d e n s i t i e s  were then  determined a t  each depth f o r  both
wet and dry sediment volumes.
Data Analyses
S t a t i s t i c a l  Analysis
Biomass and n u t r i e n t  s tan d in g  s to ck s  a re  expressed  as + one s tandard  
d e v ia t io n  (S .D .) .  To determ ine i f  biomass and n u t r i e n t  comparisons met th e  
requ irem ents  f o r  th e  use o f  l i n e a r  models, re s id u a l  a n a ly s is  was performed 
on biomass, n i t ro g e n ,  and phosphorus d a ta .  In a d d i t io n ,  a C ochran 's  Test 
was ap p lied  to  a l l  d a ta  to  determ ine l i n e a r i t y .  A log tran s fo rm a tio n  was 
determ ined n ecessa ry  and ap p lied  to  a l l  biomass, n i t ro g e n ,  and phosphorus 
d a ta  and t e s t e d  using  a Cochran’ s and B a r t l e t t  Box T e s t .  A rcsine
I
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t ra n s fo rm a tio n s  were ap p lied  to  a l l  n i tro g en  and phosphorus co n cen tra t io n  
a n a ly se s .  Log and a rc s in e  transform ed d a ta  f o r  both biomass and n u t r i e n t  
d a ta  were analyzed using u n iv a r ia te  a n a ly s is  o f  v a r ia n ce  (ANOVA) where a lpha 
= 0 .0 5 . The r e l a t io n s h ip  between sediment o rgan ic  m a tte r  and t o t a l  n itro g en  
was determ ined using c o r r e la t io n  a n a ly s i s .  M u lt ip le  comparisons were made 
using a S tuden t Neuman-Keuls (SNK) t e s t  and re p o r te d  as th e  experimentwise 
e r r o r  r a t e  (EWER).
The r e l a t io n s h ip  between sediment and t i s s u e  n i t ro g e n  and phosphorus 
was determ ined using sim ple and m u l t ip le  r e g re s s io n s .  C o e f f ic ie n t s  o f
de te rm in a tio n  ( r c ) were c a lc u la te d  from th e  re g re s s io n  o f  monthly shoo t,  
r o o t ,  and rhizome n i t ro g en  and phosphorus s tand ing  s to c k s ,  as th e  dependent 
v a r i a b le s ,  a g a in s t  sediment ino rgan ic  and t o t a l  n i tro g en  and phosphorus 
le v e l s  f o r  a l l  d ep th s ,  as th e  independent v a r i a b l e s .  The r e l a t i o n s h ip  
between n i t ro g en  and phosphorus was determined using  c o r r e l a t i o n  a n a ly s is .  
C o r re la t io n  c o e f f i c i e n t s  ( r )  were determined using p a irw ise  comparisons o f 
n i tro g en  and phosphorus s tand ing  s tocks  in  sh o o ts ,  r o o t s ,  rhizom es, and 
sedim ents .
General Equations
Leaching
Monthly n i tro g en  and phosphorus leach ing  r a t e s  (LR) f o r  P e ltan d ra  and 
S p a r t in a  were es t im ated  using th e  equation :
-1 2 -1LR » mg/1 x 1 x g x g/m x h r  x hr/mo
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where mg/1 = c o n c e n tra t io n  o f  n i t ro g en  o r  phosphorus in  le a c h a te ,  1 = l i t e r s
used in  each le ach in g  experim ent, g”* » gram dry weight o f  shoo ts  leached in
each experim ent, g/m = e s t im ated  gram dry  weight o f  monthly shoo t biomass
s tand ing  s to ck ,  h r ”* = number o f  hours in  each leach ing  experim ent, and 
hr/mo = computer e s t im ated  number o f  hours th e  shoots  were covered with 
t i d a l  w aters  each month.
Sediment N itrogen and Phosphorus
Monthly sediment in o rg an ic  n i tro g en  and phosphorus as well as t o t a l  
phosphorus s tan d in g  s to ck s  (NP) a t  each depth were e s tim ated  f o r  P e ltan d ra  
and S p a r t in a  us ing  th e  equ a tio n :
NP = mg/1 x 1 x g "1 x bd x sv 
where mg/1 = c o n c e n tra t io n  o f  n i tro g en  o r  phosphorus in  e x t r a c t a n t ,  1 =
l i t e r s  o f  e x t r a c t a n t ,  g -1 = gram e q u iv a len t  dry weight o f  wet weight
q
sediment e x t r a c te d ,  bd = dry  weight bulk  d e n s i ty  (g/cm ) ,  and sv = sediment
volume a t  depth (cm ) .
Monthly sedim ent t o t a l  n i tro g en  s tand ing  s to ck s  (TN) a t  each depth f o r  
P e l tan d ra  and S p a r t in a  were es tim ated  using th e  equa tion :
TN = np x bd x np
where np = n i t ro g en  p e rcen tag e ,  bd = dry weight bulk d e n s i ty ,  and sv =
3
sediment volume a t  depth  (cm ) .
Results
P e ltan d ra  v i r g in ic a
Net Annual P ro d u c t iv i ty
Aboveground P ro d u c t iv i ty
Seasonal p a t te rn s  o f  P e ltan d ra  shoot biomass s tan d in g  s to ck s  a re  shown 
in  F igure  3, Monthly biomass s tand ing  s to ck s  were d i s t i n c t i v e  over th e  
sampling per iod  (ANOVA, F=1.47E+02, DF=8, P<0.0001). S tanding  s tocks
in c reased  from a minimum o f  9 .54 g/m2 in March to  a peak o f  969.53 g/m2 in 
J u ly .  Following peak biomass, a s teady  d e c l in e  was observed to  a lev e l o f  
2
131.00 g/m in  October (Table 1 ) .  No l i v e  biomass was observed in  November. 
M u lt ip le  comparisons in d ic a te d  th a t  peak biomass s tan d in g  s to ck s  in  June and 
J u ly  were s i g n i f i c a n t l y  d i f f e r e n t  from th o se  in March-May and August-October 
(SNK:EWER = 0 .0 5 ) .
Monthly shoot m o r ta l i ty  was e s t im a ted  by a d ju s t in g  the  d a i ly  m o r ta l i ty  
r a t e s  c a lc u la te d  from a tagg ing  study completed in  a nearby monotypic s tand  
o f P e l ta n d ra  v i r g i n i c a . Wohglemuth (1988), fo llow ing  th e  d isappearence  o f
tagged shoots  over two week in t e r v a l s  w ith in  permanently e s ta b l i s h e d  0 .25 m 
q u a d ra ts ,  e s tim ated  d a i ly  shoot m o r ta l i ty  r a t e s  o f  P e l tan d ra  f o r  each 
monthly i n t e r v a l .  To e s t im a te  mean monthly m o r ta l i ty  (M) in  t h i s  s tudy the  
fo llow ing  equation  was used:
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Table 1. Estimated monthly shoot biomass s tan d in g  
2
s to ck s  (g/m ± S .D .) and m o r ta l i ty  r a t e s
(q/m2/monthl f o r  P e ltan d ra  v i r a i n i c a  
expressed  as mean dry w e igh ts .
Date Standing Biomass M o r ta l i ty
February
Marcha 9.54 ± 1.99
0
April 155.50 ± 65.14
2.40
May 272.22 ± 45.47
126.80
June*3 952.23 ± 160.64
430.89
Ju ly 969.53 ± 260.70
554.24
August 524.63 ± 169.00
238.41
September 231.46 ± 25.11
113.42
October 1 6 8 .8 0 +  61.62
168.80
November
aMarch-May values es t im ated  from 1988 d a ta
*\]une-October values es t im ated  from 1987 d a ta
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Figure  3 Seasonal p a t te r n s  o f  shoot biomass s tan d in g  s to ck s  and m o r ta l i ty
(g/m^) o f  P e ltan d ra  v i r a i n i c a  expressed  as mean d ry  weights + 
S/D ..
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M = mdr x d x r
where mdr = a p p ro p r ia te  mean d a i ly  m o r ta l i ty  r a t e s  from th e  tagg ing  study
o
(g/m /d a y ) ,  d = in te rv a l  number o f  days between monthly shoot sampling in
t h i s  s tudy , and r  = r a t i o  o f  mean monthly shoot biomass in t h i s  s tudy  to
mean monthly biomass in  th e  tagging  s tudy . Monthly m o r ta l i ty  e s t im a te s  are  
shown in  Table 1. M o rta l i ty  between April and June accounted fo r  
approxim ately  8%, w hile  m o r ta l i ty  between June and August accounted fo r  
approxim ately 64% o f  annual m o r ta l i ty .  The remaining 28% occurred between 
September and November.
Monthly shoot primary p ro d u c t iv i ty  in  P e ltand ra  was es tim ated  by the  
summation o f mean monthly m o r ta l i ty  and change in mean monthly shoot 
biomass. Net annual primary p ro d u c t iv i ty  was c a lc u la te d  by summing monthly 
p ro d u c t iv i ty  e s t im a te s .  Monthly and t o t a l  annual primary p ro d u c t iv i ty  
e s t im a te s  a re  shown in  Table 2, Assuming March 1 to  be th e  beginning o f the
growing season, the  p ro d u c t iv i ty  r a t e  between March and May was
approximately 4.77 g /day . Between May and Ju ly  t h i s  r a t e  increased  to  21.15 
g/day and decreased to  1.80 g/day between Ju ly  and October. As such, 
p ro d u c t iv i ty  between March and May accounted fo r  approxim ately 17%, while 
growth between May and Ju ly  accounted f o r  77%, o f  th e  annual primary 
p ro d u c t iv i ty .  The remaining 6% occurred between August and October a t  which 
time a small secondary peak was observed.
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Table 2. Estim ated monthly and ne t annual shoot
prim ary p ro d u c t iv i ty  fo r  P e ltan d ra  v i r o in ic a  
expressed  as mean dry w e igh ts .
Date Change in  Biomass M o r ta l i ty Monthly Prod
Feb-Mara 9.54 0 9.54
Har-Apr 146.03 0 146.03
Apr-May 116.65 2.40 119.05
May-June 680.00 126.28 806.28
June-Ju lyk 17.30 430.89 448.19
July-Aug -444.90 554.24 109.34
Aug-Sept -293.15 238.41 -54.74
Sept-Oct -62.68 113.42 50.74
Oct-Nov -168.80 168.80 0
2
Net Annual Primary P ro d u c t iv i ty  = 1634.44 g/m
a February-June va lues  es tim ated  from 1988 d a ta
L
June-November v a lues  e s tim ated  from 1987 d a ta
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Belowground P ro d u c t iv i ty
Seasonal p a t t e r n s  o f  P e ltan d ra  monthly ro o t  and rhizome biomass 
s tan d in g  s tocks  a re  shown in  F igure  4. Root biomass in c reased  from a low o f
2 2 1204 g/m in J u ly  to  a high o f  2772 g/m in  December-January. Annual ro o t
p
produc tion  was e s t im a te d  a t  1568 g/m using  a maximum - minimum c a lc u la t io n .
D aily  growth r a t e s  o f  13.81 and 12.31 g/m2 were observed from Ju ly  to  
September and September to  January , r e s p e c t iv e ly .  Rhizome s tand ing  s tocks 
were r e l a t i v e l y  c o n s ta n t  and no annual p ro d u c t iv i ty  was d e te c ta b le .  Root 
and rhizome s tand ing  s tocks  a re  shown in  Table 3.
Total P ro d u c t iv i ty
Summing shoot and ro o t  annual p ro d u c t iv i ty  r e s u l te d  in  a t o t a l  annual
2 2 p ro d u c t iv i ty  o f  3202.44 g/m w ith  a n e t  d a i ly  p ro d u c t iv i ty  o f  11.64 g/m . A
peak belowground:aboveground r a t i o  (B:A = ro o t  + rhizome b iom ass/shoot
biomass) was c a lc u la te d  to  be 4.12 w hile  th e  mean B:A r a t i o  was es tim ated  to
be 11.45. A peak ro o t : s h o o t  r a t i o  (R:S = ro o t  b iom ass/shoot biomass) was
c a lc u la te d  to  be 1.24 w hile  the  mean R:S r a t i o  was 5 .16 .
Nitrogen Dynamics
T issue  N itrogen C oncentra tions
Seasonal p a t t e r n s  o f  n i tro g en  c o n c e n tra t io n s  in  th e  shoo t,  r o o t ,  and 
rhizome compartments o f  P e ltan d ra  a re  shown in  F igure  5. T issue  n i tro g en  
c o n c e n tra t io n s  depended on an in t e r a c t io n  e f f e c t  between compartment and 
month (ANOVA, F=2.08E+02, DF=8, P<0.001). A mean n i t ro g e n  c o n ce n tra t io n  of
Table 3. Estimated ro o t  and rhizome biomass 
s tand ing  s to ck s  (g/m2) f o r  P e ltan d ra  
v i r q in ic a  expressed  as d ry  w e igh ts .
Date Roots Rhizomes
Jan a 2772 2481
Mar^ 2520 2673
May 1495 2403
J u ly c 1204 2796
Sept 2033 2628
Oct 2672 2500
Deca 2772 2481
aJan-Dec va lues  r e p re s e n t  pooled d a ta
L
Mar-May va lues  e s tim ated  from 1988 da ta
cJ u ly -0 c t  va lues  es tim ated  from 1987 d a ta
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Figure  4. Seasonal p a t te rn s  o f  ro o t  and rhizome s tand ing  s tocks  (g/m^) f o r  
P e l tan d ra  v i r g i n i c a  expressed  as d ry  w eigh ts .
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Table 4. Mean monthly n i t ro g en  c o n ce n tra t io n s  in  th e  
sh o o ts ,  r o o t s ,  and rhizomes o f  P e l tan d ra  
v i r q i n i c a  expressed  as % dry  weight ± S.D.
Date Shoots Roots Rhizomes
January3 1.03 + 0.06 2.48 ±  0.03
March^ 3 .15  + 0.08 1.35 ± 0.04 0.97 ± 0.18
April 3.51 ± 0.06 0.91 ± 0.04 1.28 ± 0.03
May 3.77 ± 0.06 0.69 ± 0.02 0.67 + 0.02
June0 2.56 ± 0.28
Ju ly 2.57 ± 0.06 1.43 ± 0.03 0.47 ±  0.07
August 1.99 ±  0.19 0.74 ± 0.03 0.16 ± 0.03
September 2.90 ±  0.10 0.91 ± 0.01 0.27 + 0.02
October 2.73 + 0.02 0.85 ± 0.02 1.28 ± 0.05
December3 1.03 ± 0.04 2.48 ± 0.03
means 2.89 0.99 1.11
aJan-Dec va lues  e s tim ated  from pooled da ta  
^Mar-May va lues  e s tim ated  from 1988 data  
cJu n e -Ju ly  va lues  es tim ated  from 1987 d a ta
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2.89% in  shoots  was more than tw ice t h a t  o f  th e  mean rhizome co n ce n tra t io n  
o f  1.11% and approxim ately  th re e  tim es th e  mean ro o t  c o n ce n tra t io n  o f  0.99% 
(Table 4 ) .
P e ltan d ra  shoot n i t ro g e n  c o n ce n tra t io n s  dem onstrated s i g n i f i c a n t  
seasonal p a t te r n s  over an annual cyc le  (ANOVA, F=1.50E+02, DF=7, P<0.0001) 
d e c rea s in g  from a mean high  co n cen tra t io n  o f  3.77% in  May to  a mean low o f  
1.99% in August. N itrogen c o n ce n tra t io n s  then  in c reased  in September to  
2.90% M u ltip le  comparisons in d ic a te d  t h a t  n i t ro g en  c o n c e n tra t io n s  in  June 
and J u ly  were grouped as d i s t i n c t i v e  from o th e r  months (SNK:EWER = 0 .0 5 ) .
Root n i tro g en  c o n ce n tra t io n s  e x h ib i te d  pronounced seasonal p a t te rn s  
(ANOVA, F=3.07E+02, DF=5, PcO.OOl). A mean high c o n c e n tra t io n  o f  1.43% was 
observed in  Ju ly  a t  th e  o n se t  o f  ro o t  growth. Root c o n c e n tra t io n s  then 
d ecreased  in  August and remained r e l a t i v e l y  co n s ta n t  through December 
(Table 4 ) .  Between March and June, during  periods  o f  ro o t  d ieb ack , ro o t  
n i tro g en  co n ce n tra t io n s  decreased  to  a mean low o f  0.69%. Rhizome n itro g en  
c o n c e n tra t io n s  a l s o  e x h ib i te d  pronounced seasonal p a t t e r n s  o v e r  an annual 
cy c le  (ANOVA, F=3.70E+02, DF=5, P<0.0001) d ec rea s in g  from a mean high of 
2.48% in  January  to  a mean low o f  0.16% in  August. Rhizome n i t ro g en  
c o n c e n tra t io n s  then in c reased  to  1.28% in  October.
T issu e  N itrogen Standing Stocks
P e l ta n d ra  monthly shoo t,  r o o t ,  and rhizome compartmental n i tro g en  
s tan d in g  s tocks  were es t im ated  by m u lt ip ly in g  monthly biomass s tan d in g  
s to ck s  by monthly t i s s u e  c o n c e n tra t io n s .  As ro o t  and rhizome biomass 
s tand ing  s to ck s  were measured approxim ately every o th e r  month, n i tro g en  
s tan d in g  s to ck s  f o r  in te r v a l  months were es tim ated  by m u lt ip ly in g  th e
0
Table 5. Mean monthly n itrogen  s tand ing  s tocks  (gN/m ) 
in  the  shoo ts ,  r o o ts ,  and rhizomes o f  
P e ltandra  v i r a in ic a  expressed on a dry 
weight b a s is  ± S.D.
Date Shoots Roots Rhizomes
January® ------ 28.55 + 1.55 61.52 ± 1.03
March*5 00.30 + 0.05 34.02 ± 1.02 26.16 + 4.72
April 05.47 ± 1.79 18.27 ± 1.52 32.48 ±  1.01
May 10.23 ± 1.35 10.16 ± 0.15 16.10 + 0.36
Junec 24.28 ±  4.05 ------ ------
Ju ly 24.33 + 5.97 15.27 ± 1.05 14.20 ± 1.83
August 10.44 ± 3.02 10.40 ± 0.30 04.00 + 0.92
September 06.69 ± 0.60 15.86 ± 1.23 06.08 ± 0.54
October 04.61 ± 1.42 19.18 ± 0.55 30.29 ± 1.04
December® ------ 28.55 ± 1.55 61.52 + 1.03
means 10.79 20.02 28.03
®Jan-Dec values estim ated  from pooled d a ta  
^March-May values es tim ated  from 1988 d a ta  
cJune-0ct values estim ated  from 1987 d a ta
76
n itro g en  co n cen tra t io n  by the  estim ated  mean biomass between the  measured 
months. Seasonal p a t te rn s  o f  shoot, r o o t ,  and rhizome n itro g en  s tanding  
s tocks  a re  shown in  Figure 5. T issue n i tro g en  s tand ing  s tocks  depended on 
an in te r a c t io n  e f f e c t  between compartment and month (ANOVA, F=1.82E+02,
DF=8, P<0.001). Mean rhizome n itrogen  s tand ing  s tocks  were approximately 
th re e  tim es th a t  o f  th e  shoots and one and a h a l f  tim es t h a t  o f  the  ro o ts  
(Table 5 ) .
Shoot n i trogen  s tand ing  s tocks varied  s i g n i f i c a n t ly  over an annual 
cyc le  (ANOVA, F=6.07E+02, DF=7, P<0.0001), in c reas in g  from a low o f  0.30
9 9g/m in March to  a peak o f  24.33 g/m in Ju ly  (Table 5 ) .  Nitrogen standing
stocks then s tocks decreased s t e a d i ly  to  a low o f  4.60 g/m^ in October.
Shoot n i tro g en  s tand ing  s tocks  were s tro n g ly  c o r r e la te d  w ith  shoot biomass 
( r  = .98, Pc .01). M ultip le  comparisons in d ica ted  th a t  peak n itrogen  
s tand ing  s tocks in June and Ju ly  were s ig n i f i c a n t ly  d i f f e r e n t  from o th e r  
months (SNK:EWER = 0 .0 5 ) .
Root n i trogen  s tand ing  s tocks a lso  e x h ib i ted  pronounced seasonal 
p a t te rn s  over the  sampling period  (ANOVA, F=9.83E+02, DF=5, P<0.0001). A
peak stand ing  s tock  o f  34.02 g/m was observed in March followed by a steady
p
decrease  to  10.16 g/m in May, a period  ro o t  d ieback . Nitrogen standing
2
stocks  then increased  to  15.27 g/m a t  the  onset o f  ro o t  growth in J u ly .  A
r e l a t i v e l y  s teady in c rease  was then observed to  a lev e l  o f  28.55 g/m in 
December (Table 5 ) .  As such, ro o t  n i tro g en  stand ing  s tocks  were c o r re la te d  
w ith ro o t biomass ( r  = .68, Pc.10). Like th e  r o o ts ,  rhizome n itrogen  
stand ing  s tocks e x h ib i te d  pronounced seasonal p a t te rn s  (ANOVA, F=2.58E+02,
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Figure  5. Seasonal p a t te r n s  o f  mean monthly n i t ro g e n  c o n c e n tra t io n s  (%N)
and s tand ing  s to ck s  (gN/m ) in  th e  sh o o ts ,  r o o t s ,  and rhizomes 
o f  P e l ta n d ra  v i r a i n i c a  expressed  on a d ry  weight b a s is  + S.D.
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DF=5, PcO.OOOl). A peak o f  61.50 g/m2 was observed in  January  followed by a
2
s teady  d ecrease  to  a lev e l  o f  4.33 g/m in August r e s u l t i n g  in a minimum o f
57.17 g/m n itro g en  a v a i l a b le  f o r  r e a l l o c a t i o n .  The in v e rse  c o r r e la t io n  
between rhizome and shoot n i t ro g en  s tan d in g  s to c k s ,  however, was 
i n s i g n i f i c a n t  ( r  = - .4 8 ,  P<.20).
T issue  Nitrogen Leaching
P e ltan d ra  monthly leach ing  r a t e s  were e s t im ated  using th e  p re v io u s ly
d esc ribed  e q u a tio n .  Summation o f  monthly le ach in g  r a t e s  produced an annual
o
leach in g  r a t e  o f  0.83 g/m .
April 0 .28  g/m2
May 0.05 g/m2
August 0.21 g/m2
o
September 0 .29 a/m
0.83 g/m2/y e a r
T issue  N itrogen E f f ic ien c y  Indexes
P e l tan d ra  use and recovery  e f f i c i e n c y  indexes a re  shown in Table 6. 
Shoot n i t ro g en  use e f f ic ie n c y  was g e n e ra l ly  lower (March - May) during  th e  
lag  phase o f  shoot p ro d u c t iv i ty  and in c reased  as shoot biomass in c re ase d .  
Peak use e f f i c i e n c y  was observed in August during  th e  i n i t i a l  decrease  in 
shoot biomass. Root use e f f ic ie n c y  was v a r ia b le  a lthough use e f f i c i e n c y  
inc reased  w ith  inc reased  biomass. Rhizome use e f f i c i e n c y  in c reased  between 
A pril and August, a pe r iod  o f  maximum shoot p r o d u c t iv i ty ,  and decreased  
during  p e r io d s  o f  shoot senescence and ro o t  p ro d u c t iv i ty .  Mean use
Table 6.
Date
January3
March*5
April
May
Junec
Ju ly
August
September
October
December3
means
Nitrogen use e f f i c i e n c y  in  s h o o ts ,  r o o t s ,  and 
rhizomes and n itro g en  recovery  e f f i c i e n c y  in 
shoots  o f  P e ltan d ra  v i r g i n i c a . Monthly use 
e f f i c i e n c y  i s  e s t im ated  by d iv id in g  mean 
monthly t i s s u e  biomass by mean monthly t i s s u e  
n i tro g en  s tan d in g  s to c k s .  Monthly recovery  
e f f i c i e n c y  i s  e s t im ated  by d iv id in g  th e  
d i f f e r e n c e  in  n i t ro g en  o f  l i v e  and dead shoots  by 
n i t ro g en  in  l i v e  sh o o ts .
Use E f f ic ien c y
Shoots Roots Rhizomes
  97.09 40.32
31.80 74.07 103.12
28.42 155.77 78.14
26.61 147.15 149.25
39.21 -----  -----
39.84 78.84 212.78
50.25 155.67 626.32
34.59 128.18 370.66
36.62 139.31 78.13
  97.09 40.32
35.92 119.24 188.78
Recovery E ff ic ien cy
Date Shoots
April-May 0.55
May-June 0.40
Ju n e -Ju ly 0.40
July-Aug 0.23
Aug-Sept 0.40
Sept-Oct 0.36
Oct-Nov 0.65
mean 0.43
aJan-Dec va lues  es tim ated  from pooled biomass da ta  
^March-May va lues  es tim ated  from 1988 da ta  
cJu n e -0 c t  va lues  es tim ated  from 1987 d a ta
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e f f i c i e n c y  in  the  rhizomes was approxim ately  f i v e  tim es t h a t  o f  th e  shoots  
and one and a h a l f  t im es  t h a t  o f  the  r o o t s .  Recovery e f f i c i e n c y  in  th e  
shoo ts  decreased  between A pril and August, p e r io d s  o f  in c reased  shoot 
biomass, and in c reased  during  periods  o f  shoot senescence .
Sediment Inorgan ic  Nitrogen
Sediment in o rg a n ic  n i t ro g e n ,  as ammonium and n i t r a t e ,  a t  each depth  fo r  
P e lta n d ra  was e s t im ated  using th e  p rev io u s ly  d e sc r ib ed  eq u a t io n .  Each month 
th e  s tand ing  s tocks  o f  both n i t r a t e  and ammonium fo r  each depth were summed 
to  r e p re s e n t  th e  t o t a l  a v a i l a b le  monthly pools o f  each o f  th e se  n u t r i e n t s  to  
a one meter depth  (T ables 7 ,8 ) .  Total monthly n i t r a t e  pools  in c reased  from
a low o f 0.001 g/m in  March to  a high o f  0.410 g/m in  October. Over th e  
sampling p e r io d ,  monthly n i t r a t e  le v e l s  v a r ied  s i g n i f i c a n t l y  (ANOVA, 
F=1.07E+01, DF=7, P<0.0001), however no s i g n i f i c a n t  v a r i a t io n  was noted with 
depth  (ANOVA, F=3.6E-01, DF=4, P=0.836). Total monthly ammonium pools
decreased  from a high o f  7.53 g/m^ in  A pril to  a low o f  1.64 g/m^ in  J u ly .  
Over th e  sampling p e r io d ,  monthly ammonium l e v e l s  were shown to  vary 
s i g n i f i c a n t l y  (ANOVA, F=3.01, DF=7, P<0.015), however no s i g n i f i c a n t  
v a r i a t io n  was observed w ith depth  (ANOVA, F=8.39E-01, DF=4, P=0.500). Total 
monthly pools  o f  ammonium and n i t r a t e  s tand ing  s tocks  were summed to  
r e p re se n t  th e  t o t a l  monthly a v a i la b le  pool o f  in o rg an ic  n i t ro g e n .  Seasonal 
p a t t e r n s  o f  t o t a l  monthly a v a i la b le  poo ls  of in o rg an ic  n i t ro g en  a re  shown in 
Figure  6.
Table 7. Mean monthly s tand ing  s tocks  a t  each sedim ent l a y e r  and 
t o t a l  monthly pools o f  n i t ro g en  as gN03/m2 f o r  P e ltan d ra  
v i r o i n i c a  expressed on a dry  weight b a s i s .
no3
Sediment
0-10cm
Layer
10-25cm 25-50cm 50-75cm 75-100cm Total
Date
February5 0.002 0.002 0.004 0.006 0.003 0.018
March 0.001 — — — — 0.001
A pril 0.007 0.002 0.004 0.005 0.005 0.023
May 0.005 0.015 0.017 0.020 0.012 0.069
J u ly b 0.024 0.004 0.006 0.012 0.011 0.061
August 0.027 0.052 0.128 0.090 0.057 0.381
September 0.023 0.018 0.011 0.037 0.005 0.094
October 0.056 0.071 0.028 0.139 0.116 0.410
mean 0.132
a February-May values estimated from 1988 data
kjuly-October values estimated from 1987 data
Table 8. Mean monthly standing stocks at each sediment layer
o
and t o t a l  monthly pools  o f  ino rgan ic  n i tro g en  as  gNH^/m 
fo r  P e ltan d ra  v i r a i n i c a  expressed  on a dry w eight b a s is .
Sediment
O-lOcm
Layer
10-25cm
nh4
25-50cm 50-75cm 75-100cm Total
Date
February5 0.294 0.334 0.545 1.011 0.769 2.953
March 2.142 1.213 0.999 1.948 0.145 6.447
April 1.865 0.733 1.995 1.440 1.500 7.530
May 0.543 0.710 0.857 1.211 0.698 4.019
Ju ly b 0.987 0.164 0.042 0.250 0.197 1.640
August 0.712 0.484 0.973 1.031 0.666 3.866
September 1.176 0.938 1.334 2.154 1.572 7.174
October 1.986 2.038 0.381 0.139 0.392 4.936
mean 4.821
a February-May values estimated from 1988 data
bJuly-October values estimated from 1987 data
Table 9. Mean monthly standing stocks at each sediment layer
and t o t a l  monthly pools  o f  t o t a l  n i t ro g e n  as gTN/m2 f o r  
P e ltan d ra  v i r a i n i c a  expressed  on dry weight b a s i s .
Sediment
0-10cm
Layer
10-25cm
Total Nitrogen 
25-50cm 50-75cm 75-100cm Total
Date
February5 250 334 549 627 536 2296
March 186 354 670 575 434 2219
April 214 325 435 442 560 1976
May 212 325 532 480 465 2014
J u ly 5 225 347 463 427 392 1854
August 191 311 371 348 469 1690
September 127 230 343 627 325 1652
October 115 233 350 426 313 1437
mean 1892
a February-May values estimated from 1988 data
July-October values estimated from 1987 data
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Figure 6. Seasonal p a t te r n s  o f  t o t a l  n i t ro g en  and in o rg an ic  n i tro g en
(NOj + NH4) s tand ing  s to ck s  ( g / m )  in  th e  sediments o f  P e ltan d ra
v i r q i n i c a . Monthly s tand ing  s to ck s  expressed  as th e  mean and 
t o t a l  monthly pools  f o r  a l l  dep ths  to  one meter on a dry  weight 
b a s i s .
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Sediment Total N itrogen
Sediment t o t a l  n i t ro g e n  a t  each depth f o r  P e lta n d ra  was e s t im a te d  using 
th e  p re v io u s ly  desc rib ed  eq u a t io n .  Monthly t o t a l  n i t ro g e n  s tand ing  s tocks
f o r  each depth were summed to  r e p re se n t  th e  t o t a l  monthly n i tro g en  pool to  a
one m eter d e p th .  Total monthly pools  o f  t o t a l  n i t ro g en  decreased  from a
high o f  2296 g/m2 in February t o  a low o f  1437 g/m2 through October (Table 
9 ) .  Over th e  sampling p e r io d ,  monthly t o t a l  n i t ro g en  le v e l s  d id  n o t  vary 
s i g n i f i c a n t l y  (ANOVA, F=8.38E-01, DF=7, P=0.56), however s i g n i f i c a n t  
v a r i a t i o n  was observed w ith  depth (ANOVA, F=1.77E+01, DF=4, P<0.0001). 
Seasonal p a t t e r n s  o f  t o t a l  monthly n i tro g en  pools a re  shown in F igure  6 . 
S t a t i s t i c a l  an a ly ses  in d ic a te d  t h a t  over th e  sampling p e r io d  a s tro n g  
c o r r e la t io n  between t o t a l  n i tro g en  and o rg an ic  m a tte r  e x i s t e d  f o r  a l l  depths 
(O-lOcm, r  = .95 , P<.01; 10-25cm, r  = .93, P<.01; 25-50cm, r  = .97, Pc.01;
50-75cm, r  = .9 5 ,  Pc.01; 75-100cm, r  = .95, P<.01)
Sedim ent-T issue N itrogen R e la t io n sh ip
The r e l a t i o n s h ip  between P e ltan d ra  sediment and t i s s u e  n i tro g en  
s tan d in g  s to ck s  was developed through sim ple and m u lt ip le  re g re s s io n  
a n a ly s i s .  Regressions were designed  such t h a t  monthly sh o o t,  ro o t ,  and 
rhizome n i t ro g e n  s tand ing  s to c k s ,  as the  dependent v a r i a b l e s ,  were 
in d iv id u a l ly  re g re ssed  a g a in s t  monthly sediment in o rg an ic  (NOg + NH^) and
to t a l  n i t ro g en  s tand ing  s to c k s ,  as th e  independent v a r i a b le s ,  fo r  a l l  
d ep th s .  Regression a n a ly s is  in d ic a te d  t h a t  shoo t,  r o o t ,  and rhizome 
n i t ro g e n  s tan d in g  s tocks  were independent o f  both sediment in o rg an ic  and 
t o t a l  n i t r o g e n .  C o e f f ic ie n ts  o f  de te rm in a tio n  and le v e l s  o f  s ig n i f ic a n c e  
are  shown in Table 10.
o
Table 10. C o e f f ic ie n t s  o f  d e te rm in a tio n  ( r  ) w ith le v e l s
o f  s ig n i f ic a n c e  (p) f o r  simple and m u l t ip le  re g re s s io n s  
o f  P e l ta n d ra  v i r a i n i c a  shoo t,  r o o t ,  and rhizome 
n i t ro g en  s tand ing  s to ck s  (N) with sediment in o rg an ic  
(NOg + NH^) and t o t a l  n i t ro g en  (TN) s tand ing  s tocks
expressed  f o r  a l l  d ep th s .
Sediment (N0g+ NH^) Sediment TN Sediment (NOg+ NH^), TN
Shoot N r 2 = 0.001 r 2 = 0.001 NS
F = 0 .002 F » 0.007 a -  0.05
p = 0.989 p «* 0.930
Root N r 2 -  0.001 r 2 = 0.002 NS
F = 0 .004 F = 0.009 a = 0.05
p = 0 .946 p = 0.920
Rhizome N r 2 -  0 .010 r 2 = 0.008 NS
F = 0.414 F = 0.340 a = 0.05
p = 0.523 p = 0 .5 6 2
NS = non s i g n i f i c a n t  
a = a lpha lev e l
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Nitrogen Model
P e lta n d ra  compartmental n i tro g en  s tan d in g  s to ck s  a re  e s t im ated  from 
prev ious s e c t io n s  (Tables 5, 7 -9 ) ,  and in c lu d e  monthly ran g es . Annual 
compartmental f lu x e s  were e s t im a ted  using p r o d u c t iv i ty ,  n i t ro g en  
c o n c e n t ra t io n s ,  le ac h in g ,  and mass balance o f  c e r t a i n  compartments. 
Compartmental s tan d in g  s to ck s  and annual f lu x e s  a re  shown in  F igure  7.
Annual lo s s e s  to  leach in g  were e s tim ated  by th e  summation o f  monthly 
leach ing  r a t e s  r e s u l t i n g  in  an annual leach ing  r a t e  o f  0.83 g/m2 .
Annual lo s s e s  to  d e t r i t u s  were e s t im ated  by th e  summation o f  monthly 
d e t r i t a l  l o s s e s .  Monthly d e t r i t a l  lo s s e s  were e s t im a ted  by m u lt ip ly in g  
monthly m o r t a l i t y  by th e  n i t ro g e n  c o n ce n tra t io n  in  dead sh o o ts .
M o r ta l i ty C oncentra tion Monthly Loss
Date
(g /m 2 ) (%) (g /m 2 )
A pri1-May 2.40 1.53 0.04
May-June 126.28 1.53 1.93
Ju n e -Ju ly 430.89 1.53 6.59
July-Aug 554.24 1.53 8.47
August-Sept 238.41 1.73 4.12
Sept-Oct 113.42 1.73 1.96
Oct-Nov 168.80 0.96 1.62
Annual lo s s  to  d e t r i t u s  = 24.72 g/m^
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Annual flow from th e  rhizome to  th e  shoot compartment was es t im ated  by 
th e  summation o f  monthly flow s. Monthly flows were e s t im ated  by m u lt ip ly in g  
monthly shoot p ro d u c t iv i ty  by n i t ro g en  c o n c e n tra t io n s  in  l i v e  sh o o ts .  Total 
annual flow  in to  th e  shoot compartment was e s t im ated  by th e  summation o f  
annual shoot uptake and le ac h in g .
P ro d u c t iv i ty C oncentra tion Monthly Flow
(g/m2) (*) (9/m2)
Date
Feb-March 9.54 3.15 0.30
March-April 146.03 3.51 5.12
April-May 119.05 3.77 4.48
May-June 806.28 2.56 20.64
June-Ouly 448.19 2.57 11.52
July-Aug 109.34 1.99 2.18
Aug-Sept -54.74 2.90 -1 .58
Sept-Oct 50.74 2.73 1.39
Annual flow from rhizomes 44.05 g/m2
Leachate + 0.83 g/m2
Total annual flow to  shoots = 44.88 a/m2
Annual flow from th e  shoot compartment to  th e  rhizome compartment
during  senescence was e s t im a ted  by th e  d i f f e r e n c e  in  t o t a l  shoot uptake and
9 9 9lo s se s  to  leach ing  and d e t r i t u s  (44.88 g/m - (0.83 g/m + 23.89 g/m )
2
Annual flow from shoots  to  rhizomes = 19.32 a/m .
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Annual lo s s e s  due to  ro o t  m o r t a l i t y ,  based on th e  assumption o f  s teady  
s t a t e ,  were e s t im ated  by m u lt ip ly in g  annual ro o t  m o r ta l i ty  by th e  mean 
n i t ro g e n  c o n ce n tra t io n  in  th e  ro o ts  between January  and J u ly .
M o rta l i ty  C oncen tra tion  Annual Loss
(g/m2) (%) (g/m2)
J a n - J u ly  1568 0.995 15.60
o
Annual lo s s  to  ro o t  m o r ta l i ty  = 15.60 q/m
Based on th e  assumption t h a t  the  m a jo r i ty  o f  ro o t  growth i s  supported 
by r e a l l o c a t io n  from th e  rhizomes, annual flow from th e  rhizomes to  th e  
ro o ts  was es t im ated  by m u lt ip ly in g  annual ro o t  p ro d u c t iv i ty  by mean n itro g en  
co n ce n tra t io n  between Ju ly  and December.
P ro d u c t iv i ty  C oncentra tion  Annual Flow
(g/tn2) (%) (g/m2)
July-Dee 1568 0.992 15.55
o
Annual flow from rhizomes to  ro o ts  = 15.55 a/m
Annual uptake by th e  ro o ts  from th e  sedim ents , based on th e  assumption 
o f  s teady  s t a t e ,  i s  equal to  th e  sum o f  annual lo s s e s  from th e  p la n t  i . e .  
le ach in g , shoot m o r t a l i t y ,  and ro o t  m o r ta l i ty .
Leaching D e t r i tu s  Root M o r ta l i ty  Annual ro o t  uptake
0.83 g/m2 + 24.72 g/m2 + 15.60 g/m2 = 41.15 g/m2
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F igure  7. N itrogen compartmental model f o r  P e ltan d ra  v i r g i n i c a .
Compartmental n i tro g en  s tand ing  s to ck s  a re  expressed  as mean
p
gN/m in c lu d in g  monthly ranges in  p a re n th e se s .  Sediment n i tro g en  
s tand ing  s tocks  expressed as t o t a l  monthly pools  f o r  a l l  dep ths .
Annual flows a re  expressed  as gN/mVyear.
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Annual flow from the  ro o ts  to  th e  rhizomes was e s t im a ted  by mass 
ba lance  o f  th e  rhizome compartment.
(44 .88  g/m2 + 15.55 g/m2) - 19.32 g/m2 = 41.11 g/m2 .
p
Annual f low  from ro o ts  t o  rhizomes = 41.11 g/m
Summary
The q u a n t i t a t i v e  assessment o f  annual n i t ro g en  flows shows t h a t  over an 
annual cyc le  P e ltan d ra  v i r a in i c a  r e le a s e s  s i g n i f i c a n t  l e v e l s  o f  n i tro g en  to
th e  environm ent. Of th e  t o t a l  n i t ro g en  t r a n s f e r  o f  44.88 g/m to  th e
sh o o ts ,  55%, o r  24.72 g/m , i s  t r a n s f e r r e d  to  th e  surrounding  environment by
shoot m o r t a l i t y  w hile  2%,, o r  0.83 g/m2 i s  l o s t  through le a c h in g .  Root 
m o r t a l i t y  a l so  accounts  f o r  a s i g n i f i c a n t  lo s s  to  th e  surrounding  sedim ents.
2
Approximately 15.60 g/m , o r  38%, o f  th e  t o t a l  uptake by th e  r o o ts  o f  41.15 
2
g/m i s  l o s t  to  sedim ents du ring  ro o t  d ieback .
P e l tan d ra  v i r q i n i c a  does, however, conserve n i t ro g en  through in te rn a l
cy c l in g  and r e a l l o c a t i o n .  Approximately 43%, o r  19.32 g/m , o f  th e  t o t a l  
uptake by th e  shoots  i s  conserved through t r a n s lo c a t io n  to  th e  rhizome 
compartment. Of th e  t o t a l  t r a n s f e r  o f  n i tro g en  to  th e  rhizome compartment
by shoot t r a n s lo c a t io n  and ro o t  uptake, approxim ately  15.55 g/m2 , o r  26%,
9
su p p o rts  ro o t  growth v ia  r e a l l o c a t i o n .  Of th e  60.43 gN/m re q u ire d  f o r
p
shoot and ro o t  p ro d u c t iv i ty ,  approxim ately 57.17 gN/m , o r  95% i s  a v a ia la b le
0
f o r  r e a l l o c a t io n  from th e  rhizomes. T ran s fe r  o f  41.11 g/m from th e  ro o ts
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to  th e  rhizomes accounts  f o r  approxim ately  100% o f  t o t a l  ro o t  uptake o f  
41.15 g/m^.
Phosphorus Dynamics
T issue  Phosphorus C oncen tra tions
Seasonal p a t te r n s  o f  phosphorus co n ce n tra t io n s  in  th e  sh o o t ,  r o o t ,  and 
rhizome compartments o f  P e l tan d ra  a re  shown in  Figure 8 . T issue  phosphorus 
c o n c e n tra t io n s  depended on an in te r a c t io n  e f f e c t  between compartment and 
month (ANOVA, F=4.16E+02, DF=8 , PcO.OOl). A mean shoot phosphorus 
co n ce n tra t io n  o f  0.40% was s l i g h t l y  h ig h e r  than t h a t  o f  th e  ro o ts  (0.31%) 
and rhizomes (0.28%) (Table 11).
P e ltan d ra  shoot phosphorus co n ce n tra t io n s  v a r ied  s i g n i f i c a n t l y  over an 
annual cyc le  (ANOVA, F=4.30E+02, DF=5, P<0.0001) d ec rea s in g  from a high mean 
c o n ce n tra t io n  o f  0.65% in  A pril t o  a low mean o f  0.27% in  August. Root 
phosphorus c o n c e n tra t io n s  v a r ied  s i g n i f i c a n t l y  over th e  sampling period  
(ANOVA, F=3. 17E+01, DF=5, PcO.0001). A peak c o n ce n tra t io n  o f  0.41% was 
observed in March d ecreas in g  to  a mean o f  0.33% between A pril and August and 
0.27% between September and December. Rhizome phosphorus c o n c e n tra t io n s  
a lso  v a r ie d  s i g n i f i c a n t l y  over an annual cy c le  (ANOVA, F=1. 10E+02 DF=5, 
P<0.0001) d ecreas ing  from a mean high o f  0.54% in  A pril t o  a mean low o f  
0.12% in  August. C oncen tra tions  then  inc reased  to  0.29% through December.
T issue  Phosphorus Standing Stocks
P e ltan d ra  shoo t,  r o o t ,  and rhizome phosphorus compartmental s tand ing  
s tocks  were e s t im ated  by m u lt ip ly in g  monthly biomass s tan d in g  s to ck s  by the
Table 11. Mean monthly phosphorus c o n c e n tra t io n s  in
th e  sh o o ts ,  r o o t s ,  and rhizomes o f  P e ltan d ra  
v i r a in i c a  expressed  as % dry  weight + S.D.
Date Shoots Roots Rhizomes
January3 ------ 0 .27  ± 0.02 0.29  + 0.03
March13 0.40 ± 0.02 0.41 + 0.02 0.19 ± 0.03
Apri 1 0.65 ± 0.03 0.32 ± 0.01 0 .54  + 0 .01
May 0.55 + 0.03 0.31 ± 0.02 0.32 + 0.02
Junec 0.35 ± 0.02 0.32 ± - - 0 .34  ± - -
Ju ly 0.31 ± 0.01 0.36 ±  0.04 0.37 ± 0.01
August 0.27 ± 0.03 0.35 ± 0.01 0 . 1 2  ± 0 .0 2
September 0.34 ± 0.03 0.27 ± 0.02 0.16 ± 0.03
October 0.31 + 0.01 0.27 ± 0.01 0 .2 1  ± 0.01
December3 ------ 0.27 ±  0.02 0.29 ± 0.03
means 0.40 0.36 0.31
aJan-Dec va lues  es tim ated  from pooled d a ta  
March-May va lues  es tim ated  from 1988 d a ta  
cJune- Oct va lues  es t im ated  from 1987 d a ta
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a p p ro p r ia te  mean monthly phosphorus c o n c e n tra t io n .  As ro o t  and rhizome 
biomass s tand ing  s tocks  were measured approxim ately  every  o th e r  month, 
phosphorus s tand ing  s tocks  f o r  in te r v a l  months were e s t im ated  by m u lt ip ly in g  
th e  e s t im a te d  mean monthly biomass between th e  measured months by th e  
monthly t i s s u e  c o n c e n tra t io n .  Seasonal p a t t e r n s  o f  P e lta n d ra  shoo t,  r o o t ,  
and rhizome phosphorus s tand ing  s to ck s  a re  shown in  F igure  8 . T issue  
phosphorus s tand ing  s tocks  depended on an in t e r a c t io n  e f f e c t  between 
between compartment and month (ANOVA, F=1.85E+02, DF=6 , P<0.001). A mean
phosphorus s tan d in g  s to ck  o f  6 . 8 8  g/m2was e q u iv a len t  to  t h a t  o f  th e  ro o ts
(6.35 g/mj bu t fo u r  tim es t h a t  o f  th e  shoo ts  (1 .45  g/m2) .
P e l tan d ra  shoot phosphorus s tand ing  s to ck s  v a r ie d  s i g n i f i c a n t l y  over an
annual growth cycle  (ANOVA, F=3.34E+02, DF=7, P<0.0001) in c re a s in g  from a
2 2 low mean o f  0 .04 g/m in  March to  a high mean o f  3 .33 g/m in  June. Shoot
phosphorus s tan d in g  s tocks  then decreased  t o  0 .52 g/m in  October (Table
12). Shoot phosphorus s tand ing  s to ck s  were p o s i t iv e ly  c o r r e la te d  w ith shoot
biomass s tand ing  s tocks  ( r  = .96 , P<.01). M u ltip le  comparisons in d ic a ted  
t h a t  phosphorus s tand ing  s to ck s  in  June and Ju ly  were s i g n i f i c a n t l y
d i f f e r e n t  from a l l  o th e r  months (SNK:EWER = 0 .0 5 ) .
Root phosphorus s tand ing  s to ck s  e x h ib i te d  d i s t i n c t i v e  seasonal p a t te rn s
(ANOVA, F=7.97E+02, DF=5, P<0.0001) in c re a s in g  from a low o f  4.33 g/m2 in
Ju ly  to  a high o f  10.33 g/m in  March. Root phosphorus s tand ing  s to ck s  then 
decreased  to  th e  low observed in J u ly .  Root phosphorus s tand ing  s tocks  were 
p o s i t i v e ly  c o r r e la te d  with ro o t  biomass s tan d in g  s to ck s  ( r  = .79 , P c .10 ) . 
Rhizome phosphorus s tand ing  s tocks  a ls o  v a r ie d  s i g n i f i c a n t l y  over an annual 
cyc le  (ANOVA, F=1. 05E+02, DF=5, PcO.OOQl) d ec rea s in g  from a mean high o f
Table 12, Mean monthly phosphorus s tand ing  s to ck s
(gP/m ) in  th e  sh o o ts ,  r o o t s ,  and rhizomes 
o f  P e ltan d ra  v i r a in i c a  expressed  on a d ry  
weight b a s is  + S.D.
Date Shoots
Jan u a ry 2
March0 0.04 ± 0.006
A pril 1.01 ± 0.33
May 1.52 ± 0.20
Junec 3.33 ± 0.43
Ju ly 3.00 ± 0.70
August 1.42 ± 0.39
September 0.78 ± 0.07
October 0.52 ± 0.16
December2
means 1.45
Roots Rhizomes
7.48 + 0.61 7 .19  ± 0.83
10.33 + 0.52 5 .08  ± 0.51
6.62 ± 0.62 13.71 ± 1.71
4.49 ± 0.80 7 .68  ± 0.81
4.33 ± 0.21 10.34 ± 0.63
4.92 + 0.41 3 .25  ± 0.43
5.48 + 0.36 4 .24  ± 0.41
7.21 + — 5.38 ± 1.01
7.48 ± 0.61 7 .19  ± 0.83
6.35 6 . 8 8
aJan-Dec va lues  es tim ated  from pooled d a ta  
^March-May va lues  e s tim ated  from 1988 d a ta  
cJu n e -0 c t  va lues  es tim ated  from 1987 d a ta
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Figure 8 . Seasonal p a t te rn s  o f  mean monthly phosphorus co n cen tra t io n s  (%P)
and s tand ing  s tocks  (gP/m^) in  the  shoo ts ,  r o o ts ,  and rhizomes o f 
P e ltan d ra  v irQ in ica  expressed on a dry weight b a s is  + S.D.
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9 913,71 g/m in  A pril to  a mean low o f  3 .25  g/m in  August r e s u l t i n g  in  a
2
minimum o f  10.46 g/m phosphorus a v a i l a b le  f o r  r e a l l o c a t i o n .  Rhizome
O
stan d in g  s to ck s  then  s t e a d i ly  in c reased  to  7.19 g/m in  December.
T issue  Phosphorus Leaching
Using th e  p re v io u s ly  d e sc r ib e d  e q u a tio n ,  summation o f  monthly leach ing  
r a t e s  produced an annual le ach in g  r a t e  o f  0 .12 g/m in  P e l ta n d ra .
A pril 0.040 g/m2
Hay 0.006 g/m2
August 0.029 g/m2
2
September 0.042 a/m 
0.117 g/m2
T issue  Phosphorus E f f ic ien c y  Indexes
P e lta n d ra  phosphorus use and recovery  e f f i c i e n c y  indexes a re  shown in  
Table 13. Shoot phosphorus use e f f i c i e n c y  was g e n e r a l ly  lower during  th e  
e a r ly  lag  phase o f  shoot development (March-May) and in c reased  during  
p e rio d s  o f  shoot biomass p ro d u c t iv i ty  (M ay-July). Peak shoot use e f f ic ie n c y  
was observed in  August du ring  i n i t i a l  shoot d ieback . Root use e f f ic ie n c y  
was r e l a t i v e l y  low p r i o r  to  th e  o n se t  o f  ro o t  p ro d u c t iv i ty  and in c reased  and 
remained s t a b l e  during  peak shoot biomass. Rhizome use e f f i c i e n c y  decreased  
between March and A pril a t  the  o n se t o f  shoot development and inc reased  
s i g n i f i c a n t l y  through August. Rhizome use e f f i c i e n c y  then decreased  between 
September and December during  p e r io d s  o f  shoot senescence and ro o t  
p r o d u c t iv i ty .  Mean use e f f i c i e n c y  in  th e  rhizomes o f  was s l i g h t l y  h igher
Table 13. Phosphorus use and recovery  e f f i c i e n c y  indexes f o r  
P e ltan d ra  v i r a i n i c a  sh o o ts ,  r o o t s ,  and rhizomes. 
Monthly use e f f i c i e n c y  i s  e s t im ated  by d iv id in g  
t i s s u e  biomass by t i s s u e  phosphorus s tan d in g  
s to c k s .  Monthly recovery  e f f i c i e n c y  i s  e s tim ated  
by d iv id in g  th e  d i f f e r e n c e  o f  phosphorus in  l i v e  
and dead t i s s u e s  by phosphorus in  l i v e  t i s s u e s .
Use E f f ic ien c y
Date Shoots Roots Rhizomes
January3 ------ 370.58 345.06
March*5 238.50 243.94 526.18
April 153.96 429.90 185.12
May 179.09 332.96 312.89
Junec 285.90 ------ ____
Ju ly 323.17 278.06 270.41
August 369.46 329.06 834.46
September 296.74 370.98 619.81
October 324.61 370.59 476.19
December3 ------ 370.58 345.06
means 271.41 340.75 446.26
Recovery E ff ic ien cy
Date Shoots
April-May 0.69
May-June 0.67
Ju n e-Ju ly 0.23
July-Aug 0 .11
Aug-Sept 0.47
Sept-Oct 0.43
Oct-Nov 0.71
mean 0.47
aJan-Dec values e s t im ated  from pooled d a ta  
^March-May values e s t im ated  from 1988 d a ta  
cJu n e -0 c t  va lues  es t im ated  from 1987 d a ta
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than t h a t  o f  th e  ro o ts  and approxim ately one and a h a l f  tim es t h a t  o f  th e  
sh o o ts .  P e l tan d ra  recovery  e f f i c i e n c y  in  th e  shoots  decreased  s i g n i f i c a n t l y  
between A pril and August during  pe riods  o f  peak shoot p ro d u c t iv i ty  and 
senescence . Recovery e f f i c i e n c y  then in c reased  through October (Table 13).
Sediment Inorgan ic  Phosphorus
Sediment in o rg an ic  phosphorus, as o rthophosphate  (P04) ,  a t  each depth
fo r  P e l ta n d ra  was e s t im ated  using th e  p re v io u s ly  d e sc r ib ed  e q u a tio n .  Each 
month phosphate s tand ing  s to ck s  f o r  a l l  depths were summed to  r e p re se n t  the  
monthly t o t a l  a v a i l a b le  phosphate pool to  a one meter depth (Table 14).
Monthly t o t a l  phosphate pools  in c reased  from a low o f  16.87 g/m2 in  August
2
to  a high o f  78.36 g/m in  October. Levels remained r e l a t i v e l y  co n s ta n t
p
between February and May averaging  51.57 g/m . Over th e  sampling p e r io d , 
phosphate s tand ing  s to ck s  demonstrated no v a r i a t io n  w ith  month (ANOVA, 
F=9.9E-01, DF=7, P=0.44) o r  w ith depth (ANOVA, F=1.00, DF»4, P=0.42). 
Seasonal p a t te r n s  o f  t o t a l  monthly phosphate pools a re  shown in  F igure 9.
Sediment Total Phosphorus
Sediment t o t a l  phosphorus a t  each depth was e s t im a ted  using th e  
p re v io u s ly  d e sc r ib ed  equ a tio n .  Each month t o t a l  phosphorus s tand ing  s tocks  
f o r  a l l  depths were summed to  re p re se n t  th e  t o t a l  monthly pool o f  t o t a l  
phosphorus to  a one meter depth (Table 15). Total monthly pools o f  t o t a l
phosphorus dem onstrated two peaks, 191.86 g/m in  February and 179.58 in 
O ctober. Over th e  sampling p e r io d ,  t o t a l  phosphorus s tan d in g  s tocks  d id  not 
vary monthly (ANOVA, F=1.01, DF=7, P=0.44) o r  w ith  depth (ANOVA, F=1.36,
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Table 14. Mean monthly standing stocks at each sediment layer
2
and t o t a l  monthly pools  o f  in o rg an ic  phosphorus as gPO^/m 
f o r  P e l tan d ra  v i r a in i c a  expressed  on dry  w eight b a s i s .
Sediment
O-lOcm
Layer
10-25cm 25-50cm 50-75cm 75-100cm Total
Date
February3 10.90 7.21 14.66 9.08 6.80 59.55
March 2.85 11.78 13.96 13.69 19.63 61.91
April 1.76 9.33 12 .22 13.02 13.35 49.68
May 3.27 11.95 17.85 9.90 12.28 55.25
J u ly b 1.36 2.44 4.97 4.58 4.78 18.13
August 4 .69 3.72 0.72 5.98 1.76 16.87
September 7.99 11.72 14.15 ------ 33.86
October 18.25 23.47 12 .88 23.76 ------ 78.36
mean 46.70
aFebruary-May values e s tim ated  from 1988 da ta  
k ju ly -O ctober  va lues  e s tim ated  from 1987 d a ta
Table 15. Mean monthly standing stocks at each sediment layer and
t o t a l  monthly pools  o f  t o t a l  phosphorus as gTP/m fo r  
P e ltan d ra  v i r a i n i c a  expressed  on a dry  w eight b a s i s .
Sediment
0 - 10cm
Layer
10-25cm
Total Phosphorus 
25-50cm 50-75cm 7 5 -100cm Total
Date
February3 22.98 12.34 13.81 16.58 20.95 8 6 .6 6
March 26.86 19.92 37.35 38.79 68.94 191.86
April 12.73 12.57 47.22 21.25 25.74 119.51
May 9.84 17.21 27.40 12.85 25.11 92.41
J u ly b 26.44 26.68 26.38 38.09 36.47 154.06
August 18.99 32.93 31.20 28.25 33.90 145.27
September 19.54 15.23 16.31 30.25 25.00 106.33
October 25.15 33.15 42.45 42.49 36.34 179.58
mean 134.46
aFebruary-May values estimated from 1988 data
Kluly-October values estimated from 1987 data
102
Figure  9. Seasonal p a te rn s  o f  t o t a l  phosphorus and in o rg an ic  phosphorus 
(PO^) s tan d in g  s to ck s  in  th e  sediments o f  P e l tan d ra  v i r a i n i c a .
Monthly s tan d in g  s to ck s  expressed  as th e  mean and t o t a l  monthly 
pool f o r  a l l  depths to  one meter on a dry  weight b a s i s .
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DF=4, P=0.26). Seasonal p a t te r n s  o f th e  t o t a l  monthly pools o f  t o t a l  
phosphorus a re  shown in  Figure 9.
Sedim ent-T issue Phosphorus R e la t io n sh ip
The r e l a t i o n s h ip  between sediment and t i s s u e  phosphorus s ta n d in g  stocks 
was developed through simple and m u l t ip le  r e g re s s io n  a n a ly s i s .  Regression 
an a ly ses  were such t h a t  monthly phosphorus shoo t,  r o o t ,  and rhizome s tand ing  
s to c k s ,  as th e  dependent v a r ia b le s  were in d iv id u a l ly  r e g re s se d  a g a in s t  
sedim ent in o rg a n ic  (P0^) and t o t a l  phosphorus s tand ing  s to c k s ,  as th e
independent v a r i a b le s ,  f o r  a l l  d ep th s .  Regression a n a ly s is  in d ic a te d  th a t  
sh o o t ,  r o o t ,  and rhizome phosphorus s tand ing  s to ck s  were g e n e ra l ly  
independent o f  sediment in o rg an ic  and t o t a l  phosphorus. A weak 
r e l a t i o n s h i p ,  howver, e x is te d  between rhizome and in o rg an ic  phosphorus 
s tand ing  s to c k s .  C o e f f ic ie n ts  o f  de te rm in a tio n  and le v e l s  o f  s ig n i f ic a n c e  
a re  shown in Table 16.
Phosphorus Model
P e l tan d ra  compartmental phosphorus s tand ing  s to ck s  a re  e s t im a te d  from 
prev ious  s e c t io n s  (Tables 12, 14-15) and inc lude  monthly ra n g es .  Annual 
compartmental f lu x e s  a re  es t im ated  using p r o d u c t iv i ty ,  c o n c e n t ra t io n s ,  
le a c h in g ,  and mass balance  o f  c e r t a in  compartments. Compartmental 
phosphorus s tand ing  s to ck s  and annual f lu x e s  a re  shown in  F igure  10.
Annual lo s s e s  t o  leach in g  were e s tim ated  by th e  summation o f  monthly
2
le ach in g  r a t e s ,  r e s u l t i n g  in an annual lo s s  o f  0 . 1 2  q/m .
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Table 16.
Shoot P
Root P
Rhizome P
O
C o e f f ic ie n ts  o f  d e te rm in a tio n  ( r  ) w ith le v e l s  
o f  s ig n i f ic a n c e  (p) fo r  sim ple and m u l t ip le  re g re s s io n s  
o f  P e lta n d ra  v i r a in i c a  sh o o t ,  r o o t ,  and rhizome 
phosphorus (P) s tand ing  s to ck s  a g a in s t  sediment 
in o rg an ic  (P0^) and to t a l  phosphorus (TP) s tand ing
s to ck s  expressed  f o r  a l l  d ep th s .
Sediment P0^ Sediment TP Sediment PO^, TP
r 2 = 0.006 r 2 = 0.001 NS
F = 0.214 F = 0.423 a = 0 .05
p = 0.646 p = 0.519
r 2 = 0.010 r 2 = 0.003 NS
F = 0.420 F = 0.010 a = 0.05
p = 0.519 p = 0.900
r 2 = 0.070 r 2 = 0.001 NS
F = 3.020 F = 0.001 a = 0.05
p = 0.090 p = 0.990
NS = non s i g n i f i c a n t  
a = a lpha  lev e l
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Annual lo s s e s  to  d e t r i t u s  were es tim ated  by th e  summation o f  monthly 
d e t r i t a l  l o s s e s .  Monthly lo s s e s  were es tim ated  by m u lt ip ly in g  monthly 
m o r ta l i ty  r a t e s  by th e  phosphorus co n ce n tra t io n s  in  dead sh o o ts .
M o rta l i ty C oncentra tion Monthly Loss
Date
(g/m2) (%) (g/m2)
April-May 2.40 0.19 0 .0 1
May-June 126.28 0.19 0.23
Ju n e -Ju ly 430.89 0.24 1.03
July-A ugust 554.24 0.24 1.33
August-Sept 238.41 0.18 0.43
Sept-Oct 113.42 0.18 0 . 2 0
Oct-Nov 168.80 0.09 0.15
Annual lo s s  to  d e t r i t u s = 3 .38  a/m^
Annual flow from the  rhizome to  th e  shoot compartment was es t im ated  by 
th e  summation o f  monthly flow s. Monthly flows were e s t im a te d  by m u lt ip ly in g  
monthly shoot p ro d u c t iv i ty  by phosphorus c o n c e n tra t io n s  in  l i v e  shoot 
t i s s u e s .  Total annual flow in to  th e  shoot compartment was e s t im a te d  by the  
summation o f  annual shoot uptake and le ach in g .
Date P ro d u c t iv i ty  C oncentra tion  Monthly Flow
(g /m 2 ) {%) (g /m 2 )
Feb-March 9.54 0.40 0.04
March-April 146.03 0.65 0.95
April-May 119.05 0.55 0.65
May-June 806.28 0.35 2.82
Ju n e-Ju ly 448.19 0.31 1.39
July-Aug 109.34 0.27 0.30
Aug-Sept -54.74 0.34 -0 .19
Sept-Oct 50.74 0.31 0.16
Annual flow from rhizomes 6 . 1 2
Leachate + 0 . 1 2
p
Total annual flow to  shoots = 6.24 q/m
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Annual flow from the  shoo t to  th e  rhizome compartment was e s t im ated  by 
th e  d i f f e r e n c e  in  t o t a l  shoot uptake and lo s se s  t o  le ach in g  and d e t r i t u s .
6 .24 g/m2 - (0.12 g/m2 + 3 .38  g/m2)
p
Annual flow  from shoo ts  to  rhizomes » 2.74 g / m .
Annual lo s s e s  to  ro o t  m o r t a l i t y ,  based on th e  assumption o f  s tead y  
s t a t e ,  were e s t im a ted  by m u lt ip ly in g  annual ro o t  p ro d u c t iv i ty  by th e  mean 
ro o t  phosphorus c o n ce n tra t io n  between January  and June.
M o r ta l i ty  C oncen tra tion  Annual Loss 
(g/m2) (%) (g/m2)
Jan-June  1568 0.33 5.11
p
Annual lo s s  to  ro o t  m o r ta l i ty  = 5.11 g/m
Monthly flow from th e  rhizomes to  th e  ro o ts  based on th e  assumption 
t h a t  th e  m a jo r i ty  o f  roo t growth i s  supported by th e  r e a l lo c a t io n  from the 
rhizomes, was e s t im a ted  by m u lt ip ly in g  annual r o o t  p ro d u c t iv i ty  by th e  mean 
phosphorus c o n ce n tra t io n  in  r o o t  t i s s u e s  between Ju ly  and December.
P ro d u c t iv i ty  C oncentra tion  Annual Flow 
(g/m2) (%) (g/m2)
July-Dee 1568 0 .30  4.76
p
Annual flow from rhizomes t o  ro o ts  = 4.76 g/m
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Annual uptake by th e  ro o ts  from th e  sedim ents , based on th e  assumption 
o f  s teady  s t a t e ,  i s  equal to  th e  lo s s e s  from th e  p la n t .  As such, annual 
uptake by th e  ro o ts  i s  equal to  th e  sum o f  lo s s e s  to  le a c h in g ,  d e t r i t u s ,  and 
ro o t  m o r ta l i ty .
Leaching D e t r i tu s  Root M o rta l i ty  Annual Root Uptake
0.12 g/m2 + 3 .38  g/m2 + 5.11 g/m2 = 8.61 q/m2
Annual flow from th e  ro o ts  to  th e  rhizomes was e s t im a ted  by mass 
balance o f  th e  rhizome compartment. Annual t r a n s lo c a t io n  from th e  shoots  to 
th e  rhizomes was su b tra c te d  from th e  annual flows from th e  rhizomes to  the
shoots  and ro o ts  (6 .24 g/m2 + 4.76 g/m2) - 2 .74 g/m2 = 8 .26 g/m2
O
Annual flow from ro o ts  to  rhizomes = 8 .26 q /n r
Summary
The q u a n t i f i c a t io n  o f  annual flows between p la n t  compartments shows the  
P e ltan d ra  v i r a i n i c a  cy c le s  s i g n i f i c a n t  l e v e l s  o f  phosphorus to  the  
environment over an annual c y c le .  Of th e  t o t a l  annual phosphorus t r a n s f e r
p
to  th e  shoots  o f  6 .24  g/m2, 3 .38  g/m , o r  56%, i s  l o s t  to  th e  surrounding 
environment through leach ing  and d e a th .  Root m o r ta l i ty  a lso  accounts  f o r  a
p
s i g n i f i c a n t  lo s s  t o  surrounding sedim ents with 5.11 g/m , o r  59% o f  th e
t o t a l  ro o t  uptake o f  8.61 g/m l o s t  d u ring  d ieback .
P e ltan d ra  v i r a in i c a  does, however, conserve phosphorus through
p
r e a l lo c a t io n  and in te rn a l  eyeing . Approximately 2.74 g/m , o r  44%, o f  t o t a l  
shoot uptake i s  t r a n s lo c a te d  to  th e  rhizomes during  d ieback . In a d d i t io n ,
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Figure  10. Phosphorus compartmental model f o r  P e l tan d ra  v i r o i n i c a .
Compartmental phosphorus s tand ing  s tocks  a re  expressed  as mean
gP/m2 in c lu d in g  monthly ranges in  p a re n th e se s .  Sediment 
phosphorus s tand ing  s to ck s  expressed  as th e  monthly pool f o r  a l l
d e p th s .  Annual flows a re  expressed  as gP/m2/ y e a r .
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r e a l lo c a t io n  o f  4 .76 g/m from th e  rhizome compartment i s  used to  support 
ro o t  growth which accounts  f o r  approxim ately  43% o f  th e  t o t a l  t r a n s f e r  from
O
t h e  shoots  and ro o ts  to  th e  rhizom es. Of th e  annual demand o f  11.0 gP/m
f o r  shoot and ro o t  growth, approxim ately  10.46 gP/m2 , o r  95%, i s  a v a ia lb le
f o r  r e a l l o c a t i o n  from th e  rhizom es. T ra n s fe r  o f  8 .26  gP/m to  th e  rhizomes 
from th e  ro o ts  accounts f o r  approxim ately  95% of annual ro o t  uptake w ith the  
remaining 5% a p p a ren t ly  conserved by th e  ro o ts  fo r  growth and m aintenance.
N itrogen-Phosphorus R e la t io n sh ip
C o rre la t io n  a n a ly s is  in d ic a te d  t h a t  n i t ro g en  and phosphorus cy c lin g  and 
temporary s to ra g e ,  as r e f l e c t e d  in  th e  pa irw ise  comparison o f  monthly 
s tan d in g  s to c k s ,  a re  in te rd ep en d en t,  o r  covary, in th e  sh o o ts ,  r o o ts ,  and 
rhizomes o f  P e ltan d ra  v i r a i n i c a . Sediment in o rg an ic  n i t ro g e n  (N03+ NH4) and
in o rg an ic  phosphorus (PO^), as well as t o t a l  n i t ro g en  and phosphorus
s tand ing  s to c k s ,  d id  no t covary over th e  same p e r io d .  C o r re la t io n  
c o e f f i c i e n t s  and l e v e l s  o f  s ig n i f ic a n c e  a re  shown in  Table 17.
P e lta n d ra  n i tro g en  to  phosphorus r a t i o s  (N:P) in  th e  sh o o ts ,  ro o ts ,  
rhizom es, and sedim ents a re  shown in  Table 18. Shoot N:P r a t i o s  were 
i n i t i a l l y  high in March a t  th e  onset o f  shoot development and decreased  in  
A p r i l .  N:.P r a t i o s  then in c reased  from 5.5 to  8.1 between A pril and Ju ly ,  
p e r io d s  o f  in c reased  shoot p r o d u c t iv i ty ,  followed by a decrea se  to  7.4  in 
August. A secondary N:P r a t i o  in c re a se  to  7 .4  was observed in  September, a 
p e r io d  o f  new shoot re c ru i tm e n t .  Root N:P decreased  from 3 .8  in  January to  
2 .3  in May d u ring  p e r io d s  o f  ro o t  d ieback . Root N:P r a t i o s  then inc reased  
in  Ju ly  a t  th e  o n se t  o f  ro o t  growth and decreased  through October as ro o t
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biomass in c re a se d .  Rhizome N:P r a t i o s  were extrem ely  v a r i a b le ,  dec reas in g  
from 8 .5  in January  to  1 .3 in August, a pe riod  o f  shoot p ro d u c t iv i ty  and 
i n i t i a l  ro o t  growth. Rhizome N:P r a t i o s  then in c reased  to  8.5% between 
August and December, a p e riod  o f  shoot senescence and peak ro o t  
p r o d u c t iv i ty .  Sediment in o rg an ic  N:P r a t i o s  decreased  from 0.12 to  0.03 
between A pril  and June folowed by an in c re a s e  to  0 .25 in  August. As such 
sediment in o rg an ic  N:P r a t i o s  decreased  during  p e r io d s  o f  maximum shoot 
development and in c reased  during  p e riods  o f  ro o t  growth. P a t te rn s  o f  
sediment t o t a l  N:P r a t i o s  were s im i la r  d ec rea s in g  from 21.8  to  12.0 between 
May and J u ly  followed by an in c re a se  to  15.5 in September. Total N:P 
r a t i o s ,  th e n ,  decreased  during  p er iods  o f  apparen t decomposition o f  o rgan ic  
m a t te r .
Table 17. C o rre la t io n  c o e f f i c i e n t s  ( r )  w ith  l e v e l s  o f  
s ig n i f ic a n c e  (p) fo r  p a irw ise  comparisons o f  
monthly n i t ro g en  (N) and phosphorus (P) s tand ing
s to ck s  (g/m2) in  th e  sh o o ts ,  r o o t s ,  rh izom es, and 
sedim ents o f  P e ltan d ra  v i r a i n i c a . Sediment 
comparisons from a l l  dep ths .
Shoot N:Shoot P Root N:Root P Rhizome N:Rhizome P 
r  = 0.994 r  = 0.851 r  = 0.625
p = 0 .0 0 1  p = 0 .0 0 1  p = 0 .0 0 1
Sediment TN:Sediment TP Sediment IN:Sediment IP
r  = 0.185 r  * -0.067
p = 0.126 p = 0.340
TN = Sediment t o t a l  n i tro g en
TP = Sediment t o t a l  phosphorus
IN = Sediment t o t a l  in o rg an ic  n i t ro g en  (N03+NH^)
IP = Sediment t o t a l  in o rg an ic  phosphorus (P0^)
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Table 18. Monthly n i t ro g e n  to  phosphorus r a t i o s  fN: P) 
in th e  sh o o ts ,  r o o t s ,  rhizomes, and sedim ents 
o f  P e l tan d ra  v i r a i n i c a . Sediment r a t i o s  
es tim ated  from t o t a l  monthly p o o ls .
Date Shoot N:P Root N:P Rhizome N:P
January -------- 3 .8 :1 8 .5 :1
March 7.5 :1 3 .3 :1 5 .1 :1
April 5 .5 :1 2 . 8 :1 2 .4 :1
May 6 .7 :1 2 .3 :1 2 . 1:1
June 7 .3 :1 -------- --------
Ju ly 8 . 1:1 3 .5 :1 1 .4 :1
August 7 .4 :1 2 . 1:1 1.3 :1
September 8 . 6 :1 2 .9 :1 1 .4 :1
October 8 .9 :1 2 .7 :1 5 .6 :1
December — 3 .8 :1 8 .5 :1
means 7 .5 :1 3 .0 :1 4 .0 :1
Date Sediment Inorgan ic  
N:P
Sediment Total 
N:P
March 0 .1 1 1 25 .0 :1
A pril 0 .1 2 1 10.3 :1
May 0.08 1 2 1 .8 :1
June 0.03 1 1 2 . 0 :1
J u ly 0.05 1 1 2 . 0 :1
August 0 .25 1 1 1 . 6 :1
September 0 .2 1 1 15.5 :1
October 0.06 1 8 . 0 :1
means 0 . 1 1 : 1 14.5 :1
Spartina cvnosuroides
Net Annual P ro d u c t iv i ty
Aboveground P ro d u c t iv i ty
Seasonal p a t te r n s  o f  S p a r t in a  l iv e  shoot biomass s tand ing  s tocks a re  
shown in  Figure 11. Monthly shoot biomass s tand ing  s tocks were d i s t i n c t i v e  
over th e  sampling period  (ANOVA, F=5.15E+01, DF=8 , P<0.0001} in c reas in g  from
O p
a mean low o f  1.16 g/m in  March to  a mean high o f  2462.07 g/m in September 
(Table 19). Following peak biomass, a s teady  d e c l in e  was observed to  a
2lev e l  o f  1145.80 g/m in October. No l i v e  biomass was observed in  November. 
M ultip le  comparisons in d ica ted  th a t  June-Ju ly  were s im i la r  and d i s t i n c t i v e  
from a l l  o th e r  months (SNK:EWER = 0 .0 5 ) .
As in te rv a l  monthly m o r ta l i ty  was u n d e tec tab le ,  n e t  annual shoot 
p ro d u c t iv i ty  was es tim ated  fo r  S pa rtina  using th e  method o f M ilner and 
Hughes (1968) which sums p o s i t iv e  changes in monthly biomass s tand ing  
s to ck s .  Summing p o s i t iv e  changes in monthly shoot biomass, assuming June-
Ju ly  as equa l,  r e s u l te d  in  a n e t  annual shoot p ro d u c t iv i ty  o f  2462.84 g/m 
(Table 19). Shoot p ro d u c t iv i ty  was c h a rac te r iz ed  by an i n i t i a l  lag  phase, 
March-May, a t  which time shoot biomass inc reased  a t  the  r a t e  o f  2.38
g/m /d a y .  The i n i t i a l  lag  phase was followed by a period  o f  rap id  shoot
o
growth in  which shoot biomass increased  a t  a r a t e  o f  17.99 g/m /d ay . A 
second la g  phase was observed between June and Ju ly  followed by a period o f
113
Table 19. Estimated monthly shoot biomass standing
stocks (g/m2 ) and net annual productivity
(g/m2/y e a r )  f o r  S p a r t in a  cvnosuro ides  
exp ressed  as mean dry  w eights  + S.D.
Date Standing  Biomass Change in  Biomass
February
1.16
March3 1.16 ± 00.15
82.95
A pril 82.95 + 40.05
61.17
May 144.11 ± 38.56
1097.78
June** 1272.66 ± 269.81 
mean=1241.89
Ju ly 1211.12 + 251.79
533.62
August 1775.41 ± 355.24
686.16
September 2462.07 + 465.74
October 1145.81 + 33.27
Net Annual P ro d u c t iv i ty  = 2462.84 g/m2
aMarch-May va lues  e s t im ated  from 1988 d a ta  
k june-O ctober va lues  e s tim ated  from 1987 d a ta
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Figure 11. Seasonal p a t te rn s  o f  shoot biomass s tand ing  s to ck s  (g/m2) o f  
S p a r t in a  cvnosuroides expressed as mean dry  weights + S.D.
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ra p id  growth in  which shoot biomass in c reased  a t  th e  r a t e  o f  19.99 g/m2/day  
between Ju ly  and September. As such, in c rease  in  shoot biomass between 
March and May accounted f o r  approximately 6%, w hile  in c re a se s  between May 
and June, accounted f o r  approxim ately  45% o f  ne t annual shoot p r o d u c t iv i ty .  
The remaining 49% occured between Ju ly  and September. Shoot d ieback  was
O
r e l a t i v e l y  ra p id  occurring  a t  a r a t e  o f  43.87 g/m /d a y  between September and 
October and 36.93 g/m /day  between October and November.
Belowground P ro d u c t iv i ty
Seasonal p a t te r n s  o f  S p a r t in a  monthly l i v e  ro o t  and rhizome biomass 
s tan d in g  s to ck s  a re  shown in  Figure 12. Rhizome biomass s tand ing  s tocks  
v a r ie d  s i g n i f i c a n t l y  over an annual cycle  (ANOVA, F=5.97, DF=8 , P<0.0001)
2
in c re a s in g  from a mean low o f  1075.73 g/m in  May to  a mean high o f  3142.18
g/irr in  February . Following peak s tanding  s to ck , rhizome biomass decreased 
a t  a s tead y  r a t e  to  th e  May lev e l  (Table 2 0 ) .  M u lt ip le  comparisons 
in d ic a te d  t h a t  rhizome biomass in May was d i s t i n c t i v e  from a l l  o th e r  months. 
Likewise, m u l t ip le  comparisons in d ic a te d  t h a t  Ju ly ,  August, and September 
were grouped s im i la r  as were October, December, and February (SNK:EWER = 
0 .0 5 ) .  As such, a mean was c a lc u la te d  fo r  each group. Root biomass 
s tand ing  s tocks  a lso  dem onstrated h igh ly  s i g n i f i c a n t  seasonal p a t te rn s
(ANOVA, F-2.39E+01, DF=8 , P<0.0001) in c re a s in g  from a low o f  218.65 g/m2 in
A pril t o  a peak o f  3162.80 g/m in  December. Following peak s tan d in g  s tock ,
2
ro o t  biomass d ec lin ed  r a p id ly  to  a lev e l  of 462.20 g/m in  February (Table 
22 ) .  M u ltip le  comparisons in d ic a te d  t h a t  February , March, A p r i l ,  and May
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Figure  12. Seasonal p a t t e r n s  o f  ro o t  and rhizome biomass s tan d in g  s tocks
(g/m2) o f  S p a r t in a  cvnosuro ides expressed  as mean dry  weights 
+ S . D.
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were grouped as s im i la r  as were August, September, O ctober, and December 
(SNK:EWER * 0 .05) and a mean ro o t  s tan d in g  s tock  was c a lc u la te d  f o r  each 
group.
Net annual p ro d u c t iv i ty  o f  both ro o ts  and rhizomes was es t im ated  by 
summing p o s i t i v e  changes in  monthly biomass s tand ing  s to ck s  (M ilner and 
Hughes, 1968). To e s t im a te  rhizome n e t  annual p ro d u c t iv i ty  rhizome biomass 
in  May was assumed as th e  i n i t i a l  s tand ing  s to ck . The p o s i t iv e  change in 
rhizome biomass between May and th e  mean o f  Ju ly  through September was 
summed w ith  th e  p o s i t iv e  change in rhizome biomass between th e  mean o f  Ju ly  
through September and th e  mean o f  October through February r e s u l t i n g  in  a
n e t  annual rhizome p ro d u c t iv i ty  o f  1875.88 g/m2 (Table 20 ) .  Rhizome biomass
O
in c reased  a t  a r a t e  o f  26.04 g/m /d a y  between May and J u ly  and 15.63 
o
g/m /d a y  between September and October. As such, rhizome p ro d u c t iv i ty  
between May and Ju ly  accounts fo r  62%, w hile  p ro d u c t iv i ty  between September 
and October accounts f o r  th e  remaining 38% o f  n e t  annual rhizome 
p r o d u c t iv i ty .  Decline in  l i v e  rhizome biomass from February to  May occurred
p
a t  th e  r e l a t i v e l y  s t a b l e  r a t e  o f  22.71 g/m /d a y .  To e s t im a te  ro o t  annual 
p ro d u c t iv i ty  mean ro o t  biomass between February and May was assumed to  be 
i n i t i a l  ro o t  s tand ing  s to ck .  The p o s i t iv e  change in  ro o t  biomass between 
t h i s  mean and ro o t  biomass in J u ly  was summed w ith  th e  p o i t iv e  change in  
ro o t  biomass between Ju ly  and th e  mean o f  August through December.
Summation o f  p o s i t iv e  changes r e s u l t e d  in  an annual ro o t  p ro d u c t iv i ty  o f
p
2668.40 g/m (Table 21).  Root biomass between May and Ju ly  in c reased  a t  a
o 2
r a t e  o f  15.49 g/m /d a y ,  and between Ju ly  and August a t  14.05 g /n r /d a y ,  
accounting f o r  approxim ately 39% and 61% o f  ne t ro o t  annual p ro d u c t iv i ty ,
Table 20. Estimated monthly rhizome biomass s tand ing  
s to ck s  (g/m ) and ne t annual p ro d u c t iv i typ
(g/m /y e a r )  fo r  S p a r t in a  cvnosuroides  
expressed  as mean dry w eights  ± S.D.
Date Standing Biomass Change in  Biomass
February3
March
A pril
May
3142.18 + 654.94 
2547.80 + 555.40 
1830.26 + 359.31 
1075.73 + 233.38
b 1172.41c
Ju ly
August
September
2161.00 + 351.83 
2365.21 + 888.04 
2218.23 ± 528.00
703 .47d
October
December
2994.20 + 562.47 
2718.47 ± 543.39
Net Annual P ro d u c t iv i ty  = 1875.88 g/m2
aFebruary-May va lues  e s t im ated  from 1988 d a ta
July-December va lues  es tim ated  from 1987 d a ta
cChange in  biomass re p re s e n ts  d i f f e r e n c e  between May 
and th e  mean o f  July-Septem ber
^Change in  biomass r e p re s e n ts  d i f f e r e n c e  between th e  
mean o f  July-Septem ber and the  mean o f  O ctober-February .
Table 21. Estim ated monthly ro o t  biomass s tand ing
s to ck s  (g/m ) and n e t  annual p ro d u c t iv i ty
fcj/m2/v e a r )  f o r  S o a r t in a  cvnosuro ides 
.ex p ressed  as mean dry  weights + S.D.
Date Standing Biomass Change in  Biomass
February3
March
A pril
May
462.20 + 77.03 
520.15 + 178.90 
218.65 + 74.41 
268.79 ± 117.38
J u ly *3 1312.00 + 215.89 9 44 .55c 
1723.85d
August
September
October
December
3091.46 + 360.82 
2890.49 + 1030.99 
2998.66 + 475.05 
3162.80 + 1008.37
Net Annual P ro d u c t iv i ty = 2668.40 g/m2
aFebruary-May v a lues  es tim ated  from 1988 d a ta
^July-December v a lues  e s tim ated  from 1987 d a ta
c Change in  biomass r e p re s e n ts  d i f f e r e n c e  between th e  
mean o f February-May and Ju ly
^Change in  biomass r e p re s e n ts  d i f f e r e n c e  between J u ly  
and the  mean o f  August-December
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r e s p e c t iv e ly .  Root d ieback  was ra p id ,  d ec reas in g  a t  a r a t e  o f  43.56
p
g/m /d a y  between December and February.
Total P ro d u c t iv i ty
Summation o f  shoo t,  r o o t ,  and rhizome annual p ro d u c t iv i ty  r e s u l t e d  in a
2
t o t a l  annual biomass p ro d u c t iv i ty  o f  7005.96 g/m and a mean d a i ly  biomass
2
p ro d u c tv i ty  o f  19.19 g/m . A mean ro o t  to  shoot r a t i o  (R:S = peak ro o t  
biomass/peak shoot biomass) was c a lc u la te d  to  be 1.43 w hile  th e  peak R:S 
r a t i o  was 1 .17 . A peak belowground to  aboveground r a t i o  (B:A = peak ro o t  + 
rhizome biomass/peak shoot biomass) was c a lc u la te d  to  be 3 .45  w hile  peak B:A 
was 2 .07 .
N itrogen Dynamics
T issue  N itrogen C oncentra tions
Seasonal p a t t e r n s  o f  n i tro g en  c o n c e n tra t io n s  o f  th e  sh o o ts ,  r o o t s ,  and 
rhizomes o f  S p a r t in a  cvnosuroides  a re  shown in F igure  13. T issue  n i t ro g en  
c o n c e n tra t io n s  depended on an in t e r a c t io n  e f f e c t  o f  compartment and month 
(ANOVA, F=4.30E+01, DF=12, PcO.OOOl). A mean n i t ro g en  c o n ce n tra t io n  in th e  
shoots  o f  1.44% was approxim ately  th re e  tim es th e  mean ro o t  co n ce n tra t io n  o f  
0.65% and th e  mean rhizome co n ce n tra t io n  o f  0.66% (Table 22).
Shoot n i tro g en  c o n c e n tra t io n s  v a r ied  s i g n i f i c a n t l y  over an annual 
growth cycle  (ANOVA, F=6.06E+01, DF=7, PcO.OQOl) dec reas in g  from a high mean 
o f  2.02% in March to  1.05% in August. A secondary c o n cen tra t io n  peak o f
Table 22. Mean monthly n i trogen  co n cen tra t io n s  in  the  
sh o o ts ,  r o o ts ,  and rhizomes o f  S o a r t in a  
cvnosuroides expressed as % dry weight ± S.D.
Date
February®
March
April
May
June^
Ju ly
August
September
October
December
means
Shoots
2.02 ± 0.64
2.00 + 0.05 
1.63 ± 0.09
1.43 ± 0.14 
1.18 ± 0 .01  
1.05 + 0.12 
1.19 ± 0.07
1.00 + 0.07
1.44
Roots
0.54 ± 0.08 
0.23 + 0.13 
0 .6 6  ± 0 .08  
0.95 + 0.03
0.75 + 0.07 
0.66 ± 0.19 
0.78 + 0.02 
0.73 ± 0.04 
0.58 ± 0.08
0.65
Rhizomes
1.16 ± 0 .2 0  
0.54 ± 0.11 
0.94 ±  0.07 
0 .85 + 0.03
0.45 ± -----
0.33 ± 0.03 
0.57 ±  0.02 
0.52 + 0.02 
0.57 ±  0.06
0.66
aFebruary-May values estim ated  from 1988 d a ta
L.
June-October values estim ated  from 1987 da ta
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1.05% occurred  in September a t  peak shoot biomass followed by a d ecrease  to  
1.00% in  October.
Root n i t ro g e n  c o n c e n tra t io n s  v a r ied  s ea so n a l ly  (ANOVA, F=2.71E+01,
DF=8 , P<0.0001) in c re a s in g  from a low o f  0.23% in  March to  a high o f  0.95% 
in  May. Root n i t ro g e n  c o n c e n tra t io n s  then decreased  to  0.58% in  December. 
Rhizome n i t ro g e n  c o n c e n tra t io n s  a lso  e x h ib i te d  d i s t i n c t i v e  seasonal p a t te rn s  
(ANOVA, F=8.22E+01, DF=8 , P<0.0001). Rhizome n i t ro g e n  c o n c e n tra t io n s  
d ecreased  from 1.16% in  February to  0.54% in  March followed by an in c re a se  
to  0.54% in  March (Table 23). N itrogen c o n c e n tra t io n s  then decreased  to  
0.33% in  August fo llowed by an in c re a se  through February .
T issue  N itrogen Standing Stocks
S p a r t in a  t i s s u e  n i t ro g en  s tand ing  s tocks  were e s t im ated  by m u lt ip ly in g  
monthly biomass s tand ing  s tocks  by a p p ro p r ia te  t i s s u e  n i t ro g en  
c o n c e n tra t io n s .  Seasonal p a t t e r n s  o f  S o a r t in a  sh o o t,  r o o t ,  and rhizome 
n i t ro g e n  s tand ing  s tocks  a re  shown in  Figure 13. T issue  n i t ro g en  s tand ing  
s to ck s  depended on an in t e r a c t i o n  e f f e c t  o f  compartment month (ANOVA,
F=2.94E+01, DF=12, P<0.001). A mean n i tro g en  s tan d in g  s to ck  o f  15.34 g/m2
in the  rhizomes was s l i g h t l y  h igher  than  th a t  o f  th e  ro o ts  (11.05 g/m2) and
shoots  (12.00 g/m2) (Table 23).
S p a r t in a  shoot n i tro g en  s tand ing  s tocks  v a r ied  s i g n i f i c a n t l y  over an 
annual cy c le  (ANOVA, F=4.97E+01, DF=7, P<0.0001), in c re a s in g  from a low o f
0.02 g/m2 in March to  a peak o f  29.36 g/m2 in September (Table 24). Shoot 
n i tro g en  s tan d in g  s to ck s  covar ied  with shoot biomass ( r  ® .91 , p<0.5 ) .
Table 23. Mean monthly n i t ro g en  s tan d in g  s tocksO
(gN/m ) in  th e  sh o o ts ,  r o o t s ,  and rhizomes 
o f  S p a r t in a  cvnosuroides (gN/m2) expressed  
on a dry  weight b a s is  + S.D.
Date Shoots Roots Rhizomes
February3 ------ 2.51 + 0.47 36.64 ± 7.63
March 0.02 + 0.003 1.21 ±  0.46 13.65 ± 2.97
April 1 .6 6  + 0.80 1.44 ± 0.49 17.27 ± 3 .39
May 2.35 ± 0.63 2.67 ± 1.16 9.10 ± 1.97
Juneb 18.20 + 3 .85 ------ ------
Ju ly 14.28 + 4.69 9.84 ± 1.61 9.72 ± 1.58
August 18.63 ± 3.72 20.27 ± 2.36 7.83 ± 2.89
September 29.36 ± 5.55 22.58 ± 2.95 12.66 ± 3.01
October 11.56 + 3.36 20.89 ± 2.99 15.55 + 2.92
December ------ 18.04 + 5.75 15.66 ± 3 .10
means 12 .00 11.05 15.34
aFebruary-May values estimated from 1988 data
June-October values estimated from 1987 data
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Figure 13. Seasonal p a t te r n s  o f  mean monthly n i t ro g en  c o n c e n tra t io n s  (%N)
and s tan d in g  s to ck s  (gN/m^J in  th e  sh o o ts ,  r o o t s ,  and rhizomes 
S p a r t in a  cvnosuro ides expressed on a dry  weight b a s is  + S.D.
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M u ltip le  comparisons in d ic a te d  t h a t  June and Ju ly  were grouped as e q u iv a le n t  
and t h a t  September was d i s t i n c t i v e  from a l l  o th e r  months (SNK:EWER = 0 .0 5 ) .  
Root n i t ro g e n  s tand ing  s to ck s  were d i s t i n c t i v e  over t h e  sampling period
(ANOVA, F=4.71E+01, DF=8 , P<0.001), in c re a s in g  from a low mean o f  1.21 g/m2
O
in  March to  a mean high o f  22.58 g/m in  September (Table 2 4 ) .  Root 
n i t ro g e n  s tan d in g  s to ck s  covaried  with r o o t  biomass ( r  = .9 7 ,  p c .0 1 ) .  
M u lt ip le  comparisons grouped February through May as  s im i l a r  as well as 
August through December (SNKrEWER = 0 .0 5 ) .  Rhizome n itro g en  s tand ing  s tocks 
a lso  e x h ib i te d  pronounced seasonal p a t t e r n s  (ANOVA, F»2.41E+01, DF=8 ,
p
P<0.0001), d ecreas in g  from a mean high o f  36.64 g/m in February to  a mean
p
low o f  7.83 g/m in August. Using a maximum - minimum c a lc u la t io n ,  28.81
2
g/m o f  n i t ro g e n  a re  a v a i l a b le  f o r  r e a l lo c a t io n  from the  rhizom es. Rhizome 
n i t ro g en  s tand ing  s tocks  then inc reased  to  to  th e  l e v e l s  observed in  
February.
T issue  N itrogen Leaching
S p a r t in a  monthly shoot leach ing  r a t e s  were e s tim ated  us ing  th e  
p re v io u s ly  d e sc r ib ed  e q u a tio n .  Suumation o f  monthly le ach in g  r a t e s  r e s u l t e d
p
in an annual leach in g  r a t e  o f  0.559 g/m .
May 0.185 g/m2
June 0.374 g/m2
0.559 g/m2/y e a r
T issu e  N itrogen E f f ic ien c y  Indexes
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Table 24. N itrogen use e f f i c i e n c y  in th e  sh o o ts ,  ro o ts  
and rhizomes and n itro g en  recovery  e f f ic ie n c y  
in  th e  shoots  o f  S o a r t in a  cv n o su ro id es . Monthly 
use e f f i c i e n c y  i s  e s t im ated  by d iv id in g  mean 
monthly t i s s u e  biomass by mean monthly n i t ro g en  
s tan d in g  s to c k s .  Monthly recovery  e f f i c i e n c y  i s  
e s t im a ted  by d iv id in g  th e  d i f f e r e n c e  in n i t ro g e n  in 
l i v e  and dead shoots by n i tro g en  in  th e  l i v e  sh o o ts .
Use E f f ic ien c y
Date Shoots Roots Rhizomes
February3 . . . . 184.14 85.75
March 58.00 429.87 106.93
April 49.96 151.84 105.96
May 61.32 100.67 116.84
June** 69.89 ------ ------
Ju ly 53.63 133.33 222.32
August 95.29 152.51 302.07
September 83.09 128.01 175.21
October 99.11 143.54 192.55
December ------ 175.32 173.93
means 71.28 194.63 173.50
Recovery E ff ic ien c y
Date Shoots
Sept-Oct 0 .15
Oct-Nov 0.55
mean 0.35
aFeb-May va lues  e s tim ated  from 1988 d a ta  
^June-Dee v a lu es  es tim ated  from 1987 d a ta
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S p a r t in a  t i s s u e  n itrogen  use and recovery e f f ic ie n c y  indexes a re  shown 
in  Table 24. Shoot n itrogen  use e f f ic ie n c y  was lower in  April and Ju ly ,  
apparen t lag  phases in shoot p ro d u c t iv i ty ,  and inc reased  during  periods  of 
ra p id  shoot growth. Peak shoot use e f f ic ie n c y  was observed in  October, a 
period  o f  i n i t i a l  shoot dieback. Minimum ro o t  n i tro g en  use e f f ic ie n c y  was 
observed in May a t  the  onset o f  ro o t  p ro d u c t iv i ty  and inc reased  through 
December, a period  o f  peak ro o t  biomass, to  a peak in  March. Root use 
e f f i c i e n c y  then decreased to  the  observed leve l in May. Rhizome n itrogen  
use e f f ic ie n c y  increased  between March and October, a period  o f  increased  
shoot biomass followed by a decrease to  th e  observed lev e l in  March. As 
such, rhizome n itro g en  use e f f ic ie n c y  inc reased  during  p er iods  o f  shoot and 
r o o t  p ro d u c t iv i ty  and decreased during shoot senescence and ro o t  senescence. 
Mean use e f f ic ie n c y  by the  ro o ts  was approximatley one and a h a l f  times th a t  
o f  th e  rhizomes and two and a h a l f  times t h a t  o f  th e  sh oo ts .  S pa rtina  shoot 
recovery  e f f ic ie n c y  was r e l a t i v e l y  s ta b le  between September and November.
Sediment Inorganic  Nitrogen
Sediment inorganic  n i tro g en , as ammonium and n i t r a t e ,  a t  each depth fo r  
S p a r t in a  was estim ated  using the  p rev o iu s ly  described  eq uation . Each month 
th e  s tand ing  s tocks f o r  both ammonium and n i t r a t e  fo r  each depth were summed 
to  r e p re se n t  th e  t o t a l  a v a ia lb le  monthly pools o f  each n u t r i e n t  to  a 50 cm 
depth (Tables 25, 26). Total monthly pools  o f  n i t r a t e  increased  from a low
2 2 o f  0.002 g/m in March to  a high o f  0.174 g/m in  August. Over tha  sampling
p e r io d ,  monthly n i t r a t e  le v e l s  va r ied  s i g n i f i c a n t ly  (ANOVA, F=7.92E+00,
DF=7, PcO.0001), however no v a r i a b i l i t y  was noted with depth (ANOVA,
F=4.67E-01, DF=4, P=0.75). M ultip le  comparisons in d ica ted  t h a t  a l l  monthly
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Table 25. Mean monthly s tan d in g  s tocks  a t  each sediment l a y e r  and
o
to t a l  monthly pools  o f  in o rg an ic  n i tro g en  as gNOg/m fo r  
S o a r t in a  cvnosuro ides  expressed  on dry  weight b a s i s .
no3
Sediment
0 - 10cm
Layer
10 - 20cm 20-30cm 30-40cm 40-50cm Total
Date
February3 0 .0 0 1 0 .0 0 1 0 .001 0.003
March 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 2 0 .0 0 2
A pril 0.005 0.004 0.005 0.005 0.005 0.024
May 0.004 0.004 0.007 0.006 0.005 0.026
J u ly b 0.013 0.005 0.003 0.003 0 .0 0 0 0.024
August 0.050 0.031 0.038 0.025 0.032 0.176
September 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 1 1 0 .011
October 0.055 0 .021 0 .011 0.013 0 .0 0 0 0 .1 0 0
mean 0.035
aFebruary-May values e s t im ated  from 1988 d a ta  
k ju ly -O ctober  va lues  e s t im ated  from 1987 d a ta
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Table 26. Mean monthly s tand ing  s to ck s  a t  each sediment l a y e r  and 
t o t a l  monthly pools  o f  ino rgan ic  n i t ro g e n  as gNH^/m^ f o r  
f o r  S p a r t in a  cvnosuroides expressed  on a dry  weight b a s i s .
nh4
Sediment
0 - 10cm
Layer
10 - 20cm 20-30cm 30-40cm 40-50cm Total
Date
February3 0.416 0 .2 1 0 0.195 0.203 0.198 1 .2 2 2
March 0.732 0.493 0.430 0.262 0.356 2.273
A pril 1.950 0.508 0.620 0.460 0.424 3.962
May 0.575 0.290 3.659 0.292 0.302 5.188
July** 0.607 0.522 0.084 0.365 0.370 1.948
August 0.564 0.721 0.383 0.239 0.317 2 .2 2 0
September 0.896 0.528 0.670 0.440 0.360 2.890
October 0 .201 0.273 0.135 0.167 0.844 1.620
mean 2.660
aFebruary-May va lues  es t im ated  from 1988 da ta  
k ju ly -O c to b e r  va lues  es tim ated  from 1987 da ta
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Table 27. Mean monthly s tan d in g  s tocks  a t  each sediment l a y e r  and
p
t o t a l  monthly pools  o f  t o t a l  n i t ro g e n  as gTN/m f o r  
S o a r t in a  cvnosuro ides expressed  on a dry  weight b a s i s .
Sediment
0 - 10cm
Layer
10- 20cm
Total Nitrogen 
20-30cm 30-40cm 40-50cm Total
Date
February3 262 260 183 325 292 1322
March 216 265 260 180 198 1119
April 230 245 245 201 196 1117
May 220 207 154 162 185 928
J u ly b 193 260 182 174 168 977
August 175 160 161 242 235 973
September 152 201 202 194 214 962
October 180 168 205 184 245 981
mean 1047
aFebruary-May va lues  e s t im ated  from 1988 d a ta  
k ju ly -O ctober values es tim ated  from 1987 d a ta
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Figure 14. Seasonal p a t te r n s  o f  t o t a l  and in o rg an ic  n i t ro g en  (NO3+ NH^)
s tan d in g  s to ck s  in  th e  sediments o f  S o a r t in a  cv n o su ro id es . 
Monthly s tand ing  s tocks  expressed  as th e  mean and t o t a l  monthly 
pools  f o r  a l l  depths to  50 cm on a dry weight b a s i s . .
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n i t r a t e  l e v e l s  were d i f f e r e n t  (SNK:EWER = 0 .0 5 ) .  Total monthly ammonium
9 9l e v e l s  in c reased  from a low o f  1.22 g/m in  February to  a high o f  5 .18 g /n r
O
in  May followed by a d ecrease  to  1.60 g/m in October. Over th e  sampling 
p e r io d ,  monthly ammonium stand ing  s to ck s  were not s i g n i f i c a n t l y  d i f f e r e n t  
(ANOVA, F=9.42E-01, DF=7, P=0.48) nor were s tand ing  s tocks  with depth 
(ANOVA, F=1.02E+00, DF=4, P=0.41). Total monthly pools o f  ammonium and 
n i t r a t e  s tand ing  s tocks  were summed to  re p re se n t  th e  t o t a l  monthly a v a i la b le  
pool o f  in o rg an ic  n i t ro g e n .  Seasonal p a t te r n s  o f  t o t a l  monthly a v a i la b le  
poo ls  o f  in o rg an ic  n i t ro g e n  a re  shown in  Figure 14.
Sediment Total Nitrogen
Sediment t o t a l  n i tro g en  a t  each depth f o r  S p a r t in a  was es t im ated  using 
th e  p re v io u s ly  desc rib ed  equ a tio n .  Monthly t o t a l  n i tro g en  s tand ing  s tocks 
fo r  each depth were summed to  re p re se n t  the  t o t a l  monthly n i t ro g en  pool to  a 
50 cm depth Table 27). Total monthly pools o f  t o t a l  n i tro g en  decreased  from
P
a high o f  1322 g/m in February to  a r e l a t i v e l y  s t a b l e  mean lev e l  o f  964
p
g/m between May and October. Seasonal p a t te r n s  o f  th e  t o t a l  monthly pools 
o f  t o t a l  n i tro g en  are  shown in F igure 14. Over th e  sampling p e r io d , t o t a l  
n i tro g en  le v e l s  d id  not vary  monthly (ANOVA, F=1.57E+00, DF=7, P=0.18), 
however d id  vary with depth  (ANOVA, F=6.99E+00, DF=4, P<0.003). S t a t i s t i c a l  
a n a ly s is  in d ic a te d  a s t ro n g  c o r r e la t io n  between t o t a l  n i t ro g en  and o rgan ic  
m a tte r  f o r  a l l  depths (0-10cm, r  = .78 , p<.05; 10-20cm, r  = .89 , pc .O l;  20- 
30cm, r  = .98 , pc .O l; 30-40cm, r  = .96, p c .O l) .
Sedim ent-Tissue Nitrogen R e la t io n sh ip
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Table
Shoot
Root
28. C o e f f ic ie n ts  o f  de term ina tion  ( r  ) w ith  le v e l s
o f  s ig n if ic a n c e  (p) f o r  simple and m u lt ip le  re g re ss io n s  
o f  S pa rtina  cvnosuroides shoot, r o o t ,  and rhizome 
n itrogen  s tand ing  s tocks (N) with sediment ino rgan ic  
(NO3+ NH )^ and to ta l  n i trogen  s tand ing  s tocks  (TN)
expressed fo r  f o r  a l l  dep ths .
Sediment (NO3+ NH^)
N r 2 = 0.003
F = 0.118 
p = 0.733
I r 2 = 0.056
F = 2.280 
p = 0.130
Sediment TN
r 2 = 0.287 
F = 15.320 
p = 0.004
r 2 = 0.186 
F = 8.690 
p = 0.005
Sediment (N03+ NH4 ) , TN
r 2 = 0.287 
F * 15.320 
p = 0.004
r 2 = 0.186 
F = 8.690 
p = 0.005
Rhizome N r 2 « 0.001 
F = 0.029 
p = 0.863
r 2 = 0.150 
F = 6.930
p = 0 .012
r 2 = 0.150 
F = 6.930
p = 0 .0 1 2
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The r e l a t i o n s h ip  between S p a r t in a  sediment and t i s s u e  n i tro g en  s tand ing  
s to ck s  was developed through sim ple and m u l t ip le  re g re s s io n  a n a ly s i s ,  
re g re s s io n s  were designed  such t h a t  monthly shoo t,  r o o t ,  and rhizome 
n i t ro g e n  s tan d in g  s to c k s ,  as th e  dependent v a r i a b le s ,  were re g re sse d  a g a in s t  
monthly sediment in o rg an ic  (NOj + NH4) and t o t a l  n i t ro g en  s tand ing  s to ck s ,
as th e  independent v a r i a b le s ,  f o r  a l l  d ep th s .  Regression a n a ly s is  in d ic a te d  
t h a t  shoot, r o o t ,  and rhizome n itro g en  s tand ing  s to ck s  were independent o f  
sediment in o rg an ic  n i t ro g e n .  Shoot, r o o t ,  and rhizome n itro g en  s tand ing  
s to ck s  were, however, dependent on sediment t o t a l  n i t ro g en  s tand ing  s to ck s .  
C o e f f ic ie n ts  o f  de te rm in a tio n  and s ig n i f ic a n c e  l e v e l s  o f  r e g re s s io n s  a re  
shown in Table 28.
N itrogen Model
S p a r t in a  compartmental n i t ro g en  s tand ing  s tocks  a re  e s tim ated  from 
prev ious  s e c t io n s  (Tables 24, 26-28). Annual compartmental n i t ro g en  f lu x es  
a re  es tim ated  using p ro d u c t iv i ty ,  n i tro g en  c o n c e n tra t io n s ,  le ac h in g ,  and 
mass balance o f  c e r ta in  compartments. Compartmental s tan d in g  s to ck s  and 
annual f lu x es  a re  shown in  F igure 15.
Annual lo s s e s  to  leach ing  were es tim ated  by th e  summation o f  monthly 
le ach in g  r a t e s  r e s u l t i n g  in  an annual leach ing  r a t e  o f  0.56 g / m .
Annual lo s s e s  to  d e t r i t u s  were es tim ated  by m u lt ip ly in g  y e a r ly  shoot 
m o r t a l i t y ,  assumed to  equal y e a r ly  p ro d u c t iv i ty ,  by th e  mean n itro g en  
c o n ce n tra t io n  o f  dead shoots  in  September and October.
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Mortality Concentration Monthly loss
(9/m2) (%) (9/m2)
Date
Sept-Oct 1316.26 1.14 15.00
Oct-Nov 1145.81. 0.46 5.27
O
Annual lo s s  to  d e t r i t u s  = 20.27 q /n r
Annual flow from th e  rhizome to  th e  shoot compartment was es tim ated  by 
th e  summation o f  monthly flow s. Monthly flows were e s t im a te d  by m u lt ip ly in g  
monthly p ro d u c t iv i ty  r a t e s  by n itro g en  c o n c e n tra t io n s  in l i v e  sh o o ts .  Total 
annual flow in to  th e  shoot compartment was es t im ated  by th e  summation o f  
annual shoot uptake and le ach in g .
Date P ro d u c t iv i ty C oncentra tion Monthly flow to  shoots
(g /m 2 ) (%) (g/m2)
Feb-March 1.16 2 .0 2 0.023
March-Apr 82.95 2 .0 0 1.659
Apr-May 61.17 1.63 0.997
May-July 1097.78 1.43 15.698
July-Aug 533.62 1.05 5.603
Aug-Sept 686.16 1.19 8.165
O
Annual flow from rhizomes 32.145 g/m
Leaching + 0 . 5 6  g/m
2
Total annual flow to  shoots  = 32.71 q/m
Annual flow from th e  shoot to  th e  rhizome compartment during  senescence 
was e s tim ated  by th e  d i f f e r e n c e  in t o t a l  shoot uptake and lo s s e s  to  leach ing
and d e t r i t u s  (32.71 g/m2 - (0 .56  g/m2 + 20.27 g/m2)
Annual flow from shoots to  rhizomes = 11.88 q/m .
137
Annual lo s s e s  to  ro o t  m o r ta l i ty ,  based on th e  assumption o f  s tead y  
s t a t e ,  were e s t im a te d  by m u lt ip ly in g  annual ro o t  m o r t a l i t y ,  assumed to  equal 
annual ro o t  p r o d u c t iv i ty ,  by th e  mean n itro g en  c o n c e n tra t io n  in  ro o t  t i s s u e s  
a t  th e  o n se t o f  ro o t  m o r ta l i ty  in December.
Annual M o r ta l i ty  C oncen tra tion  Annual l o s s
(g/m2) (%) (g/m2)
2668.40 0.58 15.47
O
Annual lo s s  to  ro o t  m o r ta l i ty  = 15.47 g/m
Annual lo s s e s  to  rhizome m o r ta l i ty ,  based on the  assumption o f  s teady  
s t a t e ,  were e s t im ated  by m u lt ip ly in g  annual rhizome m o r t a l i t y ,  assumed to  
equal annual rhizome p ro d u c tio n , by th e  mean n i t ro g en  c o n ce n tra t io n  in  the  
rhizomes between February and May.
Annual M o r ta l i ty  C oncentra tion  Annual Loss
(9/m2) (%) (g/m2)
1875.88 0.87 16.23
Annual lo s s  to  rhizome m o r ta l i ty  = 16.23 g/m2
Based on th e  assumption t h a t  th e  m a jo r i ty  o f  ro o t  growth i s  supported  
by r e a l lo c a t io n  from th e  rhizomes, annual flow from the  rhizomes to  th e  
ro o ts  was es tim ated  by m u lt ip ly in g  annual ro o t  p ro d u c tv i ty  by th e  mean 
n itro g en  c o n c e n tra t io n  between May-July and July-Aug.
P ro d u c t iv i ty  Concentration  Monthly flow 
(g/m2) (%) (g/m2 )
Date
May-July 944.45 0.75 7 .08
July-Aug 1723.85 0.66 11.37
o
Annual flow from rhizomes to  ro o ts  = 18.45 a/m
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Annual uptake from th e  sedim ents by th e  r o o ts ,  based on th e  assumption 
o f  s teady  s t a t e ,  i s  equal to  th e  annual lo s s e s  from th e  the  p la n t  i . e  
leach ing  and shoo t,  r o o t ,  and rhizome m o r ta l i ty .
Leaching D e t r i tu s  Root M o r ta l i ty  Rhizome M o rta l i ty  Annual Root Uptake 
0.56 g/m2+ 20.27 g/m2 + 15.47 g/m2 + 16.32 g/m2 = 52.62 g/m2
Annual flow  from th e  ro o ts  to  th e  rhizomes was estim ated  by mass 
balance o f  th e  rhizome compartment. Annual t r a n s lo c a t io n  from th e  shoots to  
th e  rhizomes was su b tra c te d  from th e  sum o f  th e  annual lo s se s  t o  rhizome 
m o r ta l i ty ,  annual flow from th e  rhizomes to  th e  r o o t s ,  and annual flow from 
th e  rhizomes t o  th e  sh o o ts .
(32.71 g/m2 + 16.32 g/m2 + 18.45 g/m2) - 11.88 g/m2 = 55.60 g/m2
Annual flow from rhizomes to  ro o ts  = 55.60 q/m2
Summary
The q u a n t i t a t i v e  assessm ent o f  annual compartmental f lu x es  dem onstrates  
t h a t  S p a r t in a  cvnosuro ides  r e le a s e s  s i g n i f i c a n t  l e v e l s  o f  n i tro g en  to  the
O
environment. Of the  t o t a l  n i tro g en  t r a n s f e r  o f  32.71 g/m to  th e  shoots ,
p
20.83 g/m , o r  63%, i s  l o s t  to  th e  environment through leach ing  (2%) and 
m o r ta l i ty  (61%). Root and rhizome m o r ta l i ty  a lso  account fo r  s i g n i f i c a n t  a
p
s ig n i f i c a n t  lo s s  to  th e  surrounding sedim ents. Approximately 15.47 g/m , o r
p
29%, o f  ro o t  uptake i s  l o s t  through ro o t  m o r ta l i ty  w hile  16.32 g/m , o r 31%, 
i s  l o s t  through rhizome m o r ta l i ty .
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Figure  15. N itrogen compartmental model f o r  S o a r t in a  c v n o su ro id es .
Compartmental n i tro g en  s tand ing  s to ck s  a re  expressed  as mean
gN/m in c lu d in g  monthly ranges in p a re n th e se s .  Sediment 
n i t ro g en  s tan d in g  s to ck s  expressed  as th e  t o t a l  monthly pool
f o r  a l l  d e p th s .  Annual flows a re  expressed  as gN/m /y e a r .
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As such, belowground m o r ta l i ty  accounts f o r  31.82 g/m2 , o r  60% o f  annual 
ro o t  up take , w hile  th e  remaining 40% is  l o s t  through shoot leach ing  and 
m o r t a l i t y .
S p a r t in a  cvnosuroides a lso  cy c le s  s ig n i f i c a n t  l e v e l s  o f  n i tro g en  
i n t e r n a l l y  through r e a l l o c a t io n .  Of the  t o t a l  annual uptake o f  n i t ro g en  by 
th e  sh o o ts ,  36% i s  conserved through t r a n s lo c a t io n  to  th e  rhizomes. Of the
O
t o t a l  r e a l lo c a t io n  o f  n i tro g en  from th e  ro o ts  to  th e  rhizomes o f  55.60 g/m ,
p
18.45 g/m , o r  33%, i s  r e a l lo c a te d  to  th e  ro o ts  w h ile  approxim ately  10.28 
2
g/m , or 18%, i s  req u ire d  f o r  rhizome p ro d u c t iv i ty .  As shoots  re q u i re  32.71
p
g/m , o r  59%, o f  th e  annual r e a l lo c a t io n  o f  n i tro g en  from th e  ro o ts  to  th e  
rhizomes, e i t h e r  ro o t  or rhizome p ro d u c t iv i ty  must be supported , a t  l e a s t  in 
p a r t ,  by n i tro g en  t r a n s lo c a te d  a t  shoot o r  ro o t  senescence . Annual shoot
2 2 and ro o t  p ro d u c t iv i ty  re q u i re  51.16 g/m , o f  which 28.81 g / m ,  o r  56% is
a v a i l a b le  f o r  r e a l lo c a t io n  from th e  rhizomes. T ran s fe r  from th e  ro o ts  to
the  rhizomes exceeds ro o t  uptake by approxim ately 5% in d ic a t in g  t h a t  ro o ts
may conserve n i tro g en  a t  senescence through t r a n s lo c a t io n  to  th e  rhizomes.
Phosphorus Dynamics
T issue  Phosphorus C oncentra tions
Seasonal p a t te rn s  o f  phosphorus co n ce n tra t io n s  o f  th e  sh o o ts ,  r o o ts ,  
and rhizomes o f  S p a r t in a  cvnosuroides a re  shown in  F igure 16. T issue  
phosphorus c o n c e n tra t io n s  depended on an in t e r a c t io n  e f f e c t  between 
compartment and month (AN0VA, F=2.18E+01, DF=12, P<0.001). A mean
Table 29. Mean monthly phosphorus c o n c e n tra t io n s  in  
th e  sh o o ts ,  r o o t s ,  and rhizomes o f  S p a r t in a  
cvnosuro ides expressed  as % dry weight + S.D.
Date Shoots Roots Rhizomes
February3 ------ 0 .2 0  ± 0 .0 1 0 0.12 ± 0.004
March 0.18 ± 0.007 0.21 ± 0.040 0 .1 2  ± 0.006
April 0.33 ± 0.002 0 .2 2  ±  0 .0 2 0 0.11 ± 0.024
May 0.23 + 0.002 0.19 ±  0.007 0.12 ± 0.004
Juneb 0.22 ± 0.017 ------ ------
Ju ly 0.19 ± 0.004 0.14 ± 0.023 0 .1 1  ±
August 0 .1 2  + 0 .0 1 1 0 .2 0  ± 0 .0 1 2 0.07 ± 0.003
September 0.13 ± 0.018 0.19 ± 0.006 0.08  ± 0 .0 0 2
October 0.11 + 0.005 0.17 ± 0.023 0.09 + 0.002
December ------ 0.17 ±  0.007 0.08 ± 0.006
means 0.19 0.19 0 .1 0
aFebruary-May va lues  e s tim ated  from 1988 d a ta  
k june-O ctober va lues  es tim ated  from 1987 d a ta
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phosphorus co n ce n tra t io n  in  th e  shoots  and ro o ts  o f  0.19% was approxim ately  
tw ice  t h a t  o f  th e  mean co n ce n tra t io n  in th e  rhizomes o f  0.10% (Table 30).
Shoot phosphorus c o n ce n tra t io n s  va ried  s i g n i f i c a n t l y  over an annual 
c y c le  (ANOVA, F=1.43E+02, DF=7, P<0.0001), d ec rea s in g  from a high mean o f 
0.33% in  A pril to  a mean low o f  0.11% in October (Table 29 ) .
Root phosphorus c o n c e n tra t io n s  dem onstrated pronounced seasonal 
p a t t e r n s  (ANOVA, F=4.91E+00, DF=8 , P<0.006) dec reas in g  from a high o f  0.22% 
in  A pril t o  a low o f  0.14% in  J u ly .  Root phosphorus c o n c e n tra t io n s  then 
in c reased  to  0.20 in  August and rea ined  r e l a t i v e l y  s t a b l e  through A p r i l .  
Rhizome c o n c e n tra t io n s  a lso  var ied  s i g n i f i c a n t l y  over an annual cyc le  
(ANOVA, F=1.24E+01, DF=8 , PcO.0001). Rhizome phosphorus c o n c e n tra t io n s  
remained r e l a t i v e l y  s ta b le  a t  a mean o f 0.12% between February and J u ly  then 
decreased  to. 0.07% in August where the  c o n c e n tra t io n s  remained r e l a t i v e l y  
s t a b l e  through December.
T issu e  Phosphorus Standing Stocks
S p a r t in a  t i s s u e  phosphorus s tand ing  s to ck s  were e s t im ated  by 
m u l t ip ly in g  monthly biomass s tand ing  s tocks by a p p ro p r ia te  monthly 
phosphorus c o n c e n tra t io n s .  Seasonal p a t te r n s  o f  t i s s u e  phosphorus s tand ing  
s to ck s  a re  shown in  Figure 16. T issue  phosphorus s tand ing  s to ck s  depended 
on an in te r a c t io n  e f f e c t  between compartment and month (ANOVA, F=1.00E+02,
DF=12, P<0.001). A mean ro o t  phosphorus s tan d in g  s to ck  o f  3 .04  g/m2 was
approx im ate ly  tw ice  th a t  o f  th e  shoo ts  (1 .57 g/m ) and one and a h a l f  times
t h a t  o f  th e  rhizomes (2.29 g/m2) .
o
Table 30. Mean monthly phosphorus s tand ing  s tocks  (gP/m ) 
in  th e  sh o o ts ,  r o o t s ,  and rhizomes o f  S p a r t in a  
cvnosuroides expressed  on a dry weight b a s is  + S.D.
Date Shoots Roots Rhizomes
Februarya ------ 0.92 ± 0.05 3.62 ±  0.12
March 0 .0 0 2  ± 0.0008 1.09 ± 0.20 2.97 ± 0.14
A pril 0.267 ± 0.019 0.47 ± 0.03 2.05 ± 0 .44
May 0.323 ± 0.020 0.50 ± 0.10 1.31 ±  0.40
June*3 2.720 ± 0,21 ------ ------
J u ly 2.214 ± 0.50 1.78 ± 0.30 2.31 ± —
August 2.180 ± 0.18 6.24 + 0.35 1.73 ± 0.07
September 3.070 + 0.42 5.56 ± 0.18 1.73 + 0.03
October 1.260 ± 0.05 5.07 ± 0.68 2.69 ± 0.05
December ------ 5.72 ± 0.22 2.22 ± 0 .15
means 1.57 3.04 2.29
aFebruary-May va lues  es t im ated  from 1988 d a ta  
k june-O ctober values e s t im ated  from 1987 d a ta
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F igure  16. Seasonal p a t te rn s  o f mean monthly phosphorus c o n ce n tra t io n s
(%P) and s tand ing  s tocks  (gP/m^) in th e  sh oo ts ,  r o o t s ,  and 
rhizomes o f  S p a r t in a  cvnosuroides expressed  on a dry weight 
b a s is  + S.D.
TO
TA
L 
PH
O
SP
HO
RU
S 
G
/N
I2
•---•%
■-- ■ G/M
SHOOTS
r.50
4-
-.25
B RHIZOME
r.505
4
3
-.25
2
0
C ROOT
r.50
-.254-
MONTH
%
D
R
Y
W
E
IG
H
T
145
Shoot phosphorus s tan d in g  s to ck s  v a r ied  s i g n i f i c a n t l y  over an annual 
cyc le  (ANOVA, F = l.l lE + 02 , DF=7, P<0.0001), in c re a s in g  from a low o f  0.002
2 2 g/m in  March to  an i n i t i a l  peak o f  2.72 g/m in June and a second peak o f
3.07 g/m in September (Table 30). Shoot phosphorus s tand ing  s tocks  were
c o r r e la t e d  w ith  shoot biomass ( r  = .93 , p c .O l) .  M u lt ip le  comparisons
in d ic a te d  t h a t  September and Ju n e -Ju ly  were s i g n i f i c a n t l y  d i f f e r e n t  than a l l
o th e r  groups (SNK-.EWER =0 .05).
Root phosphorus s tan d in g  s tocks  a lso  e x h ib i te d  pronounced seasonal
p a t te r n s  (ANOVA, F=2.05E+02, DF=8 , P<0.0001), in c re a s in g  from a low o f  0.47
2 2 g/m in  April t o  a peak o f  6 .24 g/m in August. Root phosphorus s tand ing
stocks  were c o r r e la t e d  w ith  ro o t  biomass ( r  = .99 , P<.0 1 ) .  Rhizome
phosphorus s tan d in g  s to ck s  v a r ied  s ea so n a l ly  (ANOVA, F=4.92E+01, DF=8 ,
P<0.0001) d ecreas ing  from a high o f  3 .62 g/m2 in  February to  a low o f  1.31
2 2 g/m in  May. A secondary in c re a se  to  2.31 g/m was observed in  Ju ly
followed by a d ecrease  to  1.73 g/m in  September. Rhizome s tan d in g  s tocks 
then in c reased  t o  th e  observed lev e l  in February . Based on a maximum -
minimum c a lc u la t io n ,  a minimum o f 2 .89 g/m phosphorus was a v a i l a b le  fo r  
r e a l lo c a t io n  from th e  rhizomes.
T issue  Phosphorus Leaching
S p a r t in a  monthly le ach in g  r a t e s  were es t im ated  using th e  p re v io u s ly  
desc ribed  equ a tio n .  Summation o f  monthly leach ing  r a t e s  r e s u l t e d  in  an
annual leach ing  r a t e  o f  0 .07 g/m / y e a r .
146
May 0.022 g/m2
June 0.045 g/m2
0.067 g/m2/ y e a r
T issue  Phosphorus E f f ic ien c y  Indexes
S p a r t in a  phosphorus use and recovery e f f i c i e n c y  indexes a re  shown in 
Table 31. Shoot use e f f i c i e n c y  decreased  between March and A pril and 
remained r e l a t i v e l y  low through June. Shoot use e f f i c e in c y  then  increased  
to  th e  observed peak in  O ctober. As such, shoot use e f f i c i e n c y  inc reased  
w ith  in c reased  shoo t p ro d u c t iv i ty ,  reach ing  a peak in th e  i n i t i a l  phase o f  
shoot d ieback . Root uese e f f ic ie n c y  inc reased  between A pril  and May a t  th e  
o n se t o f  ro o t  p ro d u c t iv i ty  and inc reased  with in c reased  ro o t  biomass, ro o t  
use e f f i c i e n c y  then  decreasedand remained s t a b l e  through December. Rhizome 
use e f f i c i e n c y  in c reased  between May and Ju ly  fo llowed by a d ecrease  in 
August. Rhizome use e f f i c i e n c y  then increased  and remained r e l a t i v e l y  
high through February. Rhizome use e f f i c i e n c y ,  th e n ,  reminaed high during 
p e r io d s  o f  shoot and ro o t  growth and decreased  fo llow ing  shoot and 
ro o t  senescence . Mean phosphorus ues e f f i c ie n c y  in the  rhizbmes was 
approxim ately  tw ice  t h a t  o f  th e  shoots and r o o ts .  Shoot phosphorus recovery 
e f f i c i e n c y  decreased  between September and November.
Sediment Inorgan ic  Phosphorus
Sediment in o rg an ic  phosphorus, as orthophosphate  (P04), a t  each 
sediment depth o f  S p a r t in a  was e s tim ated  using th e  p re v io u s ly  d esc ribed  
eq u a tio n .  Each month th e  s tand ing  s tocks  o f  orthophosphate  a t  each depth 
were summed to  r e p re se n t  th e  t o t a l  a v a i la b le  monthly pools  o f  ino rgan ic
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Table 31. Phosphorus use e f f ic ie n c y  in  th e  sh o o ts ,  r o o t s ,
and rhizomes and recovery  e f f i c i e n c y  in  th e  shoots  
o f  S p a r t in a  c v n o su ro id es . Monthly use e f f i c i e n c y  
i s  e s t im ated  by d iv id in g  mean monthly t i s s u e  biomass 
by mean monthly t i s s u e  phosphorus s tand ing  s to c k s .  
Monthly recovery  e f f ic ie n c y  i s  e s t im a te d  by d iv id in g  
th e  d i f f e r e n c e  in  phosphorus in  l i v e  and dead shoots  
by phosphorus in  l i v e  sh o o ts .
Use E ff ic ien cy
Date Shoots Roots Rhizomes
February3 _ _ 502.39 1415.39
March 580.00 477.20 703.82
April 310.67 465.21 616.24
May 446.16 537.58 524.74
June** 467.88 ------
Ju ly 547.02 727.07 1649.61
August 814.40 495.42 1023.89
September 801.97 519.87 1282.21
October 909.37 591.45 1730.75
December ------ 552.93 1010.58
means 559.68 541.01 1106.00
Recovery E ff ic ien c y
Date Shoots
Sept-Oct 0.38
Oct-Nov 0.26
mean 0.32
aFeb-May values estimated from 1988 data
^June-Dee values estimated from 1987 data
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Table 32. Mean monthly s tand ing  s to ck s  a t  each sediment l a y e r  and
2
t o t a l  monthly pools o f  in o rg an ic  phosphorus as gPO^/m 
f o r  S p a r t in a  cvnosuro ides expressed  on a d ry  weight b a s i s .
Sediment
0 - 10cm
Layer
10 - 20cm 20-30cm 30-40cm 40-50cm Total
Date
February3 3.65 3.26 4.20 1 .0 0 6 .6 8 18.79
March 11.75 5.30 3.90 6.70 4.44 32.09
April 2.90 3.41 6.30 8 .84 5.00 26.45
May 3.50 4.37 4.70 8 .2 0 10.91 31.68
Ju lyk 11.80 12 .0 0 7.62 8.26 6.75 46.43
August 0.60 1.38 0.38 0.52 0.44 3.32
September 12.70 7.22 12.70 6 .8 8 5.40 44.90
October 13.75 7.91 12 .00 14.74 3.79 52.19
mean 31.98
aFebruary-May va lues  es tim ated  from 1988 d a ta  
k ju ly -O c tobe r  va lues  es tim ated  from 1987 d a ta
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Table 33. Mean monthly s tand ing  s to ck s  a t  each sediment l a y e r
and t o t a l  monthly pools o f  t o t a l  phosphorus as gTP/m 
f o r  S p a r t in a  cvnosuroides expressed  on a dry weight b a s i s .
Sediment
0 - 10cm
Layer 
10- 20cm
Total Phosphorus 
20-30cm 30-40cm 40-50 cm Total
Date
February3 15.14 6.19 5.00 6.40 7.10 39.83
March 2 1 .0 0 2 0 .0 0 17.00 9.00 17.00 84.00
April 21.69 17.45 9.02 9.89 11.56 69.61
May 19.21 14.47 3.60 9.29 6.03 52.06
J u ly b 28.19 40.69 20.41 24.42 12.44 126.15
August 20.81 17.30 11.24 12.40 15.32 77.07
September 14.77 5.34 17.17 5.22 9.52 52.02
October 22.06 16.56 26.33 19.29 16.89 101.13
mean 75.23
aFebruary-May values e s tim ated  from 1988 da ta  
*\july-October va lues  es tim ated  from 1987 d a ta
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Figure  17. Seasonal p a t te r n s  o f  t o t a l  and in o rg an ic  phosphorus (PO^)
s tan d in g  s to ck s  in  th e  sediments o f  S p a r t in a  c v n o su ro id es . 
Monthly s tand ing  s tocks  expressed as th e  mean and t o t a l  monthly 
pool f o r  a l l  depths to  50 cm on a dry weight b a s i s .
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phosphorus to  a 50 cm dep th . Total monthly pools o f  P04 in c reased  form a
2 2 minimum o f  3 .32 g/m in August to  a peak s tand ing  s to ck  o f  52.29 g/m in
October (Table 3 2 ) .  Over th e  sampling p e r io d ,  monthly P0^ l e v e l s  v a ried
s i g n i f i c a n t l y  (ANOVA, F=3.35E+00, DF=7, P<0.008) as d id  l e v e l s  w ith depth 
(ANOVA, F=2.74E+00, DF=4, P<0.0 4 ) .  Seasonal p a t t e r n s  o f  t o t a l  monthly pools 
o f  PO  ^ a re  shown in F igure  17.
Sediment Total Phosphorus
Sediment t o t a l  phosphorus a t  each depth f o r  S p a r t in a  was e s tim ated  
using th e  p rev io u s ly  de sc r ib ed  e q u a tio n .  Monthly t o t a l  phosphorus s tand ing  
s tocks  f o r  each depth were summed to  r e p re se n t  th e  t o t a l  monthly pool o f  
t o t a l  phosphorus to  a depth o f  50 cm. Total monthly pools o f  t o t a l
p
phosphorus in c reased  from a low o f  52.06 g/m in  May to  a peak o f  126.15
2 2 g/m in  Ju ly .  A second peak o f  101.13 g/m was observed in October
(Table 33). Over the  sampling p e r io d ,  t o t a l  phosphorus s tand ing  s tocks
v a r ied  s i g n i f i c a n t l y  with month (ANOVA, F=3.63E+00, DF=7, P<0.005) but not
with depth (ANOVA, F=1. 67E+00, DF=4, P=0.18). C o rre la t io n  a n a ly s is
in d ic a te d  no r e l a t io n s h ip  between to t a l  phosphorus and o rgan ic  m a tte r .
Seasonal p a t te r n s  o f  t o t a l  monthly pools o f  t o t a l  phosphorus a re  shown in
Figure 17.
Sedim ent-T issue Phosphorus R e la t io n sh ip
The r e l a t io n s h ip  between S p a r t in a  sediment and t i s s u e  phosphorus 
s tand ing  s tocks  was developed through simple and m u l t ip le  r e g re s s io n s  such 
t h a t  monthly shoo t,  r o o t ,  and rhizome s tand ing  s to c k s ,  as th e  dependent
Table 34.
Shoot P
Root P
Rhizome P
2
C o e f f ic ie n t s  o f  de te rm in a tio n  ( r  ) w ith  l e v e l s  
o f  s ig n i f ic a n c e  (p) simple and m u l t ip le  r e g re s s io n s  
o f  S p a r t in a  cvnosuroides shoot, r o o t ,  and rhizome 
phosphorus s tand ing  s to ck s  (P) w ith  sediment 
in o rg an ic  (PO^) and t o t a l  phosphorus (TP) s tand ing
f o r  a l l  d ep th s .
Sediment (PO^) Sediment TP Sediment PO^, TP
r 2 .= 0.190 r 2 = 0.890 NS
F = 0.750 F = 3.750 a -  0.05
p = 0.390 p = 0.060
r 2 = 0.170 
F = 0.680 
p = 0.413
r 2 = 0 .030 
F = 0.119 
p = 0.730
r 2 = 0.075 
F = 4.990 
p = 0 .0 5 0
r 2 = 0 .0 1 0  
F = 4 .0 0 4  
p = 0 .0 5 0
NS
a = 0.05
NS
a = 0.05
NS = nnn s i g n i f i c a n t  
a = a lpha lev e l
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v a r ia b le s ,  were re g re sse d  a g a in s t  t o t a l  monthly pools  o f  in o rg an ic  and to ta l  
phosphorus, as th e  independent v a r i a b le s .  Regression ana lyses  in d ic a te d  
t h a t  sh o o t ,  r o o t ,  and rhizome phosphorus l e v e l s  were independent o f  sediment 
in o rg an ic  and t o t a l  phosphorus. C o e f f ic ie n t s  o f  d e te rm in a tio n  and le v e l s  of 
s ig n i f ic a n c e  a re  shown in  Table 34
Phosphorus Model
S p a r t in a  compartmental s tand ing  s to ck s  a re  de rived  from previous 
s e c t io n s  (Tables 30, 32 -33 ) . Annual compartmental f lu x e s  a re  e s tim ated  
using p ro d u c t iv i ty ,  phosphorus c o n c e n tra t io n s ,  le ach in g ,  and mass ba lance  o f  
c e r t a in  compartmentss. Compartmental s tan d in g  s tocks  and annual f lu x e s  are  
shown in F igure 18.
Annual lo s se s  to  leach ing  were es tim ated  by th e  summation o f  monthly
p
leach in g  lo s se s  r e s u l t i n g  in  an annual le ach in g  r a t e  o f  0 .07 g / m .
Annual lo s se s  to  d e t r i t u s  were es tim ated  by m u lt ip ly in g  y e a r ly  shoot 
m o r t a l i t y ,  assumed to  equal y e a r ly  p ro d u c t iv i ty ,  by th e  mean phosphorus 
c o n c e n tra t io n s  o f  dead shoots in  September and October.
M o r ta l i ty C oncentra tion Monthly lo s s
(g /m 2 ) (*) (g /m 2 )
Date
Sept-Oct 1316.26 
Oct-Nov 1145.81
0.08
0.16
1.09
1.79
2.88 q/m^Annual lo s s  to  d e t r i t u s
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Annual flow from the  rhizome to  th e  shoot compartment was e s t im ated  by 
th e  summation o f  monthly f low s. Monthly flows were e s t im ated  by m u lt ip ly in g  
monthly shoo t p ro d u c t iv i ty  by phosphorus c o n c e n tra t io n s  in  l i v e  sh o o ts .
Total annual flow in to  th e  shoot compartment was es tim ated  by th e  summation 
o f  annual shoot uptake and le a c h in g .
Date P ro d u c t iv i ty  C oncen tra tion  Monthly Flow to  Shoots
Feb-March 
March-April 
April-May 
May-July 
July-Aug 
Aug-Sept
(g/m2)
1.16
82.95
61.71
1097.78
533.62
686.16
0.18
0.33
0.23
0.22  
0 . 12
0.13
Annual flow from rhizomes 
Leaching
(9/m2)
0.002
0.273
0.140
2.415
0.640
0.892
4.362 g/m*
0.07 g/m2
Total annual flow to  shoots  = 4.43 a/m2
Annual flow from the  shoot to  th e  rhizome compartment du ring  senescence 
was e s t im a ted  by th e  d i f f e r e n c e  in t o t a l  shoot uptake and lo s s e s  t o  leach ing
and d e t r i t u s  (4.43 g/m2 - (0 .07  g/m2 + 2.88 g/m2)
Annual flow from shoots to  rhizomes = 1 .48 a/m .
Annual lo s se s  to  ro o t  m o r t a l i t y ,  based on th e  assumption o f  s teady  
s t a t e ,  were es tim ated  by m u lt ip ly in g  annual ro o t  m r t a l i t y ,  assumed to  equal 
annual ro o t  p r o d u c t iv i ty ,  by th e  mean phosphorus c o n ce n tra t io n  in ro o t  
t i s s u e s  a t  th e  onse t o f  m o r ta l i ty  in  December.
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Annual M o rta l i ty  C oncentra tion  Annual lo s s
(g/m2) (%) (g/m2)
2658.40 0 .17  4.53
p
Annual lo s s  t o  ro o t  m o r ta l i ty  « 4.53 a/m
Annual lo s s e s  to  rhizome m o r t a l i t y ,  based on th e  assumption o f  s teady  
s t a t e ,  were es tim ated  by m u lt ip ly in g  annual ro o t  m o r t a l i t y ,  assumed, to  
equal annual rhizome p r o d u c t iv i ty ,  by th e  phosphorus c o n ce n tra t io n  in ro o t  
t i s s u e s  between February and May.
Annual M o r ta l i ty  C oncentra tion  Annual lo s s
(g/m2) (%) (g/m2)
1875.88 0 .12  2.25
o
Annual lo s s  to  rhizome m o r ta l i ty  = 2.25 g/m
Based on th e  assumption t h a t  the  m a jo r i ty  o f  ro o t  growth i s  supported 
by r e a l lo c a t io n  from th e  rhizomes, annual flow from th e  rhizomes to  the  
ro o ts  was es t im ated  by m u lt ip ly in g  annual ro o t  p ro d u c t iv i ty  by th e  th e  mean 
phosphorus c o n c e n tra t io n s  between May-July and July-Aug.
P ro d u c t iv i ty  C oncentra tion  Monthly flow
(g/m2) (%) (g/m2)
Date
May-July 944.45 0 .14  1.32
July-Aug 1723.85 0 .20  3.45
o
Annual flow from rhizomes t o  r o o ts  = 4 .76 g/m
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Annual ro o t  uptake from th e  sed im ents , based on th e  assumption o f  
s teady  s t a t e ,  i s  equal to  th e  annual lo s se s  from th e  p la n t  i . e .  leach ing  and 
shoo t,  r o o t ,  and rhizome m o r ta l i ty .
Leaching D e t r i tu s  Root M o r ta l i ty  Rhizome M o r ta l i ty  Annual Root Uptake 
0.07 g/m2 + 2 .88  g/m2 + 4 .53  g/m2 + 2.25 g/m2 = 9 .73 a/m2
Annual flow from the  ro o ts  to  th e  rhizomes was e s t im a ted  by mass 
balance o f  th e  rhizome compartment. Annual t r a n s lo c a t io n  from th e  shoo ts  to  
the  rhizomes was su b tra c te d  from the  sum o f  annual lo s s e s  to  rhizome 
m o r t a l i t y ,  annual flow from th e  rhizomes to  th e  sh o o ts ,  and annual flow from 
th e  rhizomes to  th e  r o o t s .
(4 .43  g/m2 + 2 .25 g/m2 + 4.76 g/m2) - 1.41 g/m2)
Annual flow from ro o ts  to  rhizomes 10.03 g/m
Summary
The q u a n t i t a t i v e  assessm ent o f  annual compartmental f lu x e s  dem onstrates
t h a t  S p a r t in a  cvnosuroides r e l e a s e s  s i g n i f i c a n t  l e v e l s  o f  phosphorus t o  the
environment over an annual c y c le .  Of th e  t o t a l  phosphorus t r a n s f e r  o f  4.43
2 2 g/m to  th e  sh oo ts ,  2 .95 g/m , o r  67%, i s  l o s t  to  th e  environment through
leach ing  ( 2%) and m o r ta l i ty  (65%). Root and rhizome m o r ta l i ty  a lso  account
fo r  s i g n i f i c a n t  lo s se s  to  th e  surrounding  sedim ents . Approximately 2 .25
9
g/m , o r  23%, o f  annual ro o t  uptake i s  l o s t  through rhizome m o r ta l i ty  w hile
2
4.53 g/m , or 47%, i s  l o s t  through ro o t  m o r ta l i ty .  As such lo s se s  to  
belowground m o r ta l i ty  account f o r  approxim ately  70% o f  annual ro o t  uptake, 
w hile  30% i s  l o s t  to  shoot le ach in g  and m o r ta l i ty .
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Figure 18. Phosphorus compartmental model fo r  Spa r t ina  cvnosuro ides .
Compartmental phosphorus s tanding  s tocks  a re  expressed as
mean monthly gP/m2 inc luding monthly ranges in pa ren theses .  
Sediment phosphorus standing s tocks  expressed as the  t o t a l  
monthly pool f o r  a l l  depths .  Annual flows a re  xpressed as
gP/m2/ y e a r .
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S p a r t i n a  cvnosuroides  a lso  c y c le s  and s t o r e s  s i g n i f i c a n t  l e v e l s  o f  
phosphorus i n t e r n a l l y  through r e a l l o c a t i o n .  Of t h e  annual uptake o f  4.43
2 2 g/m by th e  s h o o ts ,  1.41 g/m , o r  32%, i s  conserved through t r a n s l o c a t i o n  to
th e  rhizomes.  Of the  t o t a l  t r a n s l o c a t i o n  o f  phosphorus from t h e  ro o t s  to
2 2the  rhizomes o f  10.03 g/m , 4.76 g/m » or 47%, i s  r e a l l o c a t e d  t o  the  r o o t s  
2
and 1.65 g/m , o r  16%, i s  requ i red  f o r  rhizome p r o d u c t i v i t y .  As shoots
r e q u i r e  4.43 g/m , or 44%, o f  annual t r a n s f e r  o f  phosphorus from the  ro o t s  
t o  the  rhizomes,  e i t h e r  r o o t  or rhizome p r o d u c t i v i t y  must be suppor ted ,  a t  
l e a s t  in  p a r t ,  by phosphorus t r a n s lo c a t e d  a t  shoot  o r  ro o t  senescence .
Annual ro o t  and shoot growth r e q u i r e  9,19 g/m2 , o f  which a minimum o f  2.89
g/m i s  e s t im a ted  as a v a i l a b l e  f o r  r e a l l o c a t i o n  from th e  rhizomes.  T rans fe r  
from t h e  ro o t s  t o  the  rhizomes exceeds annual ro o t  uptake  by 3% in d ic a t in g  
t h a t  th e  roo ts  may conserve phosphorus a t  senescence through t r a n s l o c a t i o n  
to  th e  rhizomes.
Nitrogen-Phosphorus  Re la t ionsh ip
C o r re la t io n  a n a ly s i s  in d ic a ted  t h a t  n i t r o g en  and phosphorus cyc l ing  and 
temporary s to r a g e ,  as r e f l e c t e d  in th e  p a i rw ise  comparison o f  monthly 
s tand ing  s to ck s ,  a re  in te rdependen t ,  or  covary,  in the  shoots ,  r o o t s ,  and 
rhizomes o f  S p a r t i n a  cvnosuro ides . Sediment ino rgan ic  n i t ro g en  (NO3+ NH^)
and in o rgan ic  phosphorus (PO^), as well  as t o t a l  n i t r o g en  and phosphorus
s tand ing  s to ck s ,  d id  not covary over  the  same per iod .  C o r re la t io n  
c o e f f i c i e n t s  and l e v e l s  o f  s ig n i f i c a n c e  are  shown in Table  35.
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S p a r t i n a  n i t ro g en  to  phosphorus r a t i o s  (N:P) in t h e  s h o o t s ,  r o o t s ,  
rhizomes,  and sediments  a re  shown in Table 36. Shoot N:P r a t i o s  were 
i n i t i a l l y  high a t  1 0 .0  in  March a t  the  onse t  o f  shoot development,  and 
decreased  t o  6 .2  in April  during th e  i n i t i a l  lag  phase o f  shoot growth.
N:P r a t i o s  then  inc reased  to  a secondary peak o f  10.2 in  Ju ly  dur ing  the  
second lag  phase in shoot growth, and remained r e l a t i v e l y  high through 
October.  Root N:P r a t i o s  inc reased  from 1.1 to  5 .5  in J u ly  with  increaesd  
r o o t  biomass,  fo llowed by a decrease  to  3 .2  in August.  Root N: P r a t i o s  
remained r e l a t i v e l y  s t a b l e  through December then decreased to  t h e  observed 
le v e l  in March. Rhizome N:P r a t i o s  were v a r i a b l e .  A sharp decrease  from
10.1 to  4 .6  was observed between March and A p r i l ,  a t  th e  onse t  o f  shoot 
development,  followed by an in c re a se  to  8 .4  in May. Rhizome N:P r a t i o s  then 
decreased  to  4 .5  through September followed by an in c re a se  to  t h e  observed 
le v e l  in March. A mean N: P r a t i o  o f  8.47 was approximate ly  one and a h a l f  
t imes t h a t  o f  the  rhizomes two and a h a l f  t imes t h a t  o f  th e  r o o t s .  Sediment 
ino rg an ic  N:P r a t i o s  were low and v a r i a b l e  decreas ing  from 0 .72  in August to  
0.03 in October.  Sediment ino rgan ic  N:P r a t i o s  then inc reased  t o  0.16 in 
June.  Sediment t o t a l  N:P r a t i o s  decreased from a peak o f  33.2  t o  a minimum 
o f  7 .7  between March and Ju ly .
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Table 35. C o r re la t io n  c o e f f i c i e n t s  ( r )  and l e v e l s
o f  s ig n i f i c a n c e  (p) f o r  pa i rw ise  comparisons 
of  monthly n i t rogen  (N) and phosphorus (P) 
s tand ing  s tocks  in th e  shoo ts ,  r o o t s ,  rhizomes,  
and sediments of  Sp a r t in a  cvnosu ro ides .
Sediment comparisons from a l l  dep ths .
Shoot N:Shoot P Root N:Root P Rhizome N:Rhizome P
r  = 0.968 r  = 0.933 r  = 0.800
p = 0 .0 0 1  p = 0 .0 0 1  p = 0 .001
Sediment TN:Sediment TP Sediment IN:Sediment IP
r  = 0.115 r  = 0.107
p = 0.240 p = 0.255
TN = Sediment t o t a l  n i t rogen
TP = Sediment t o t a l  phosphorus
IN = Sediment ino rgan ic  n i t ro g en  (N0^+ NH^)
IP = Sediment ino rgan ic  phosphorus (P0^)
Table 36. Monthly n i t ro g en  to  phosphorus r a t i o s  (N:P)
in t h e  shoo ts ,  r o o t s ,  rhizomes,  and sediments o f  
S p a r t in a  cvnosu ro ides . Sediment r a t i o s  
es t im ated  from t o t a l  monthly poo ls .
Date Shoots Roots Rhizomes
February ------ 2.7 :1 7.1 1
March 1 0 . 0 :1 1 . 1:1 10.1 1
April 6 . 2 :1 3 .1 :1 4.6 1
May 7.3 :1 5.3 :1 8 .4 1
June 6 .7 :1 ---- ----
Ju ly 1 0 . 2 :1 5.5 :1 6 .9 1
August 8 .5 :1 3 .2 :1 4 .2 1
September 9 .7 :1 4 .1 :1 4 .5 1
October 9 .2 :1 4 .1 :1 7 .4 1
December ------ 3 .2 :1 5 .8 1
means 8 .5 :1 3 .6 :1 6.5 1
Date
March
April
May
June
Ju ly
August
September
October
Sediment Inorganic  Sediment Total
0.06
0.07
0.15
0.16
0.04
0.72
0.06
0.03
33.2
13.3
16.1 
17.8
7.7 
12.6  
18.5
9.7
means 0.16:1 16.0:1
Discussion  
P e l tandra  v i r q i n i c a
Net Annual P ro d u c t iv i ty
Aboveground P r o d u c t iv i ty
In t h i s  s tudy ,  seasonal p a t t e r n s  o f  shoot biomass s tand ing  s tocks  were 
s im i l a r  to  those  p rev io u s ly  re p o r te d  fo r  P e l tand ra  v i r q i n i c a . in c re a s in g
9 9from a low o f  9.54 g/m in March t o  a high o f  969.53 g/m in  J u ly .
Wohlgemuth (1988),  sampling a t  two week i n t e r v a l s  in a r i v e r s i d e  monotypic
stand o f  Pe l tandra  a t  Sweethall Marsh, rep o r ted  t h a t  Pe l tandra  shoot biomass
2 9inc reased  from a May level  of  220.20 g/m to  a J u ly  peak o f  437.48 g/m . 
Doumlele (1981), working in  an a d jac e n t  a rea  o f  Sweethall  Marsh, r e p o r te d  a
2
peak s tand ing  s tock  o f  423.4 g/m in J u l y .  Good and Good (1976) r e p o r t e d  a
0
June peak s tand ing  s tock  o f  1286 g/m f o r  P e l tan d ra .  th e  h ig h e s t  l i t e r a t u r e
e s t im ate  a v a i l a b l e .  Peak biomass observed in t h i s  s tudy  i s  s i g n i f i c a n t l y
o
h igher  than the  mean of  686 g/m c a l c u l a t e d  by Whigham e t  a l . (1978) fo r  
Pe l tandra  v i r q i n i c a  in Middle A t l a n t i c  coas ta l  wetlands but approaches the
2
value o f  988 g/m observed in two t r i b u t a r i e s  o f  the  Chesapeake Bay by 
Flemer e t  a l . (1978).
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Estimates  o f  Pe l tandra  shoot p r o d u c t iv i t y  have g e n e r a l ly  been based on 
th e  p o s i t i v e  changes in monthly biomass through peak s tand ing  s to ck s .  These 
e s t i m a te s ,  however, may underes t im ate  shoot p r o d u c t i v i t y  as they  do not 
account f o r  i n t e r v a l  monthly m o r t a l i t y  o r  new re c ru i tm e n t  fo l lowing peak 
shoot biomass,  both o f  which may be s i g n i f i c a n t  in t i d a l  f r eshw ate r  
macrophytes (Mathews and Westlake,  1969; Whigham e t  a l . ,  1978).  For 
example, Bernard and Hopkinson (1979) included m o r t a l i t y  in t h e i r  e s t im ates  
o f  shoot p r o d u c t iv i t y  in Carex r o s t r a t a . As a r e s u l t ,  annual shoot
p r o d u c t iv i t y  inc reased  from 540 g/m / y r ,  based on th e  p o s i t i v e  changes in
monthly shoot biomass,  to  1080 g/m / y r .  P i c k e t t  (1984),  working with 
severa l  t i d a l  f r e shw a te r  macrophytes,  demonst rated th e  importance o f  
inc lud ing  shoot m o r t a l i t y  and new rec ru i tm en t  in th e  e s t im a te  o f  annual 
shoot p r o d u c t i v i t y .  Using e s t im a te s  o f  i n t e r v a l  monthly m o r t a l i t y ,  P ic k e t t  
c a l c u l a t e d  an annual shoot tu rn o v e r  o f  2.87 f o r  Pe l tan d ra  ( in  Wohlgemuth, 
1988).  In a d d i t io n ,  P i c k e t t  rep o r ted  t h a t  shoot r ec ru i tm en t  fo llowing peak 
biomass accounted f o r  approximately 35% o f  annual shoot p r o d u c t i v i t y  in  
P e l t a n d r a . In a more recen t  tagging  s tudy, Wohlgemuth (1988),  using
permanent 0.25 m q u ad ra t s ,  e s t im ated  annual shoot p r o d u c t i v i t y  a t  789.44 
2
g/m f o r  Pe l tandra  based on th e  summation o f  monthly m o r t a l i t y  r a t e s .  
Wohlgemuth repo r ted  an annual shoot tu rnove r  o f  2.24 based on t h e  r a t i o  o f  
annual p r o d u c t iv i t y  to  peak shoot biomass.
Pe l tan d ra  monthly shoot p r o d u c t iv i t y  in t h i s  s tudy was e s t im ated  by 
summing changes in shoot biomass and monthly m o r t a l i t y  through th e  growing 
season. Monthly m o r t a l i t y  was c a l c u l a t e d  by a d ju s t in g  Wohglemuths’ in t e rv a l  
d a i l y  m o r t a l i t y  r a t e s  t o  shoot s tanding  s tocks  in t h i s  s tudy.  Summing
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monthly shoot p r o d u c t iv i t y  e s t im a te s  r e s u l t e d  in an annual p r o d u c t iv i t y  o f
o
1634.44 g/m , th e  h ig h e s t  p r o d u c t iv i t y  e s t im a te  a v a i l a b l e  f o r  P e l t a n d r a . and 
an annual tu rn o v e r  o f  1.68 {annual p ro d u c t iv i ty /p e a k  biomass) .  The 
in c lu s io n  o f  m o r t a l i t y  and new rec ru i tm en t  fo llowing peak biomass, 
t h e r e f o r e ,  provide  a more r e a l i s t i c  e s t im a te  o f  annual o f  shoot 
p r o d u c t i v i t y .
In a d d i t io n  to  th e  in c lu s io n  o f  m o r t a l i t y  and new re c ru i tm e n t ,  h igher  
annual shoot p r o d u c t i v i t y  of  Pe l tandra  in  t h i s  s tudy  may be a t t r i b u t a b l e  to  
the  well d ra ined  and t i d a l l y  f lushed  creekbank sediments which suppor t  the  
P e l tand ra  community. For example, Walker (1981),  sampling a t  two week 
i n t e r v a l s  in well d ra ined  sediments,  r e p o r te d  t h a t  Pe l tandra  shoot biomass
O 9
inc reased  from a March minimum o f  23.6 g /n r  to  a J u ly  peak o f  637.5 g/m 
while  in poor ly  d ra ined  sediments shoot biomass inc reased  from a March level
o f  23.8  g/m2 t o  a June level  o f  452.0 g/m2 . Odum e t  a l .  (1983) a l so  
re p o r te d  s i g n i f i c a n t l y  h igher  annual p r o d u c t iv i t y  r a t e s  in  Z izan ioos is  
m i l ia cea  in a well f lu shed  and t i d a l  in f luenced  a rea  when compared to  an 
impounded a r e a .  The au thors  a t t r i b u t e d  t h e  d i s p a r i t y  t o  t h e  f l u s h in g  o f  
dead m a t te r  and the  r e cy c l in g  o f  oxygen and n u t r i e n t s .
P e l tand ra  shoot p r o d u c t iv i t y  p a t t e r n s  may be b e s t  desc r ibed  in terms of  
d a i l y  growth r a t e s ,  which in tu r n  provide i n s ig h t  in to  r e l a t i v e  shoot growth 
s t r a t e g i e s .  Assuming March 1 t o  be the  beginning o f  t h e  growing season,
shoot p r o d u c t iv i t y  inc reased  a t  th e  r a t e  o f  3.61 g/m between March and May
followed by an in c rease  to  20.23 g/m2 between May and J u ly .  Walker (1981), 
sampling in well  dra ined  sediments,  rep o r ted  s i m i l a r  shoot growth p a t t e rn s  
in monotypic s tands  o f  Pe l tandra  with d a i l y  shoot p r o d u c t iv i t y  r a t e s
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i n c re a s in g  from 6.15 g/m over t h e  f i r s t  49 days o f  th e  growing season to
O
22.32 g/m through peak shoot s tand ing  s tocks  in  J u ly .  Whigham and Simpson 
(1975) r e p o r te d  t h a t  d a i l y  growth r a t e s  f o r  Pe l tandra  ranged from 6 .0  to
2 213.4 g/m between the  end o f  April  and May and 2 .6  t o  14.1 g/m between May
and th e  end o f  June ( in  Walker, 1981).  Apparent ly ,  seasonal p a t t e r n s  o f
shoot p r o d u c t i v i t y  in P e l tand ra  inc lude  an e a r l y  spr ing  lag  phase .foilowed
by a pe r iod  o f  r a p id  growth in e a r l y  summer.
The e a r l y  l a g  phase in  shoot development,  observed in many t i d a l  
f r e shw a te r  macrophytes with  ex ten s iv e  belowground s to ra g e  rhizomes (Whigham 
e t  a l .  1978, Walker, 1981), p rovides  Pe l tandra  with  c e r t a i n  adapt ive  
advantages in  a harsh  and com pet i t ive  environment.  I n i t i a l  slow pe r iods  of  
shoot development allow s u f f i c i e n t  t ime f o r  the  breakdown o f  "complex" 
n i t r o g en ,  phosphorus,  and energy s to ra g e  compounds w i th in  th e  rhizomes 
(Walker, 1981) and r e a l l o c a t i o n  to  the  shoo ts .  R ea l lo ca t io n  from the  
rhizomes during i n i t i a l  pe r iods  o f  shoot growth allows n i t r o g en  and 
phosphorus t o  be concen t ra ted  a t  h igher  l e v e l s  then r e q u i r e d .  This
phenomenom i s  g e n e r a l ly  r e f e r r e d  to  as "luxury  uptake" (G e r lo f f  and
Kromholtz, 1966) and provides  Pe l tandra  with an adequate  supply o f  n u t r i e n t s
to  support  subsequent pe r iods  of  r a p id  growth. The r a p id  growth phase in
e a r ly  summer provides  P e l tand ra  with a com pet i t ive  advantage over o the r  
macrophytes.  The c l u s t e r e d  growth p a t t e r n s  to g e th e r  with broad l e a f  
morphology r e s u l t s  in  an ex ten s iv e  canopy which e f f e c t i v e l y  blocks l i g h t  
p e n e t r a t i o n  t o  t h e  sediment su r fa ce .  In t h i s  manner, P e l tand ra  provides  
l e a f  su r fa ce  a rea  with maxixmum s u n l ig h t  exposure ,  r e s u l t i n g  in maximum 
photosyntha te  p roduc t ion ,  while  i n h i b i t i n g  e s tab l i shm en t  o f  o th e r
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macrophytes w i th in  th e  s tan d .  The secondary pe r iod  o f  new shoot r ec ru i tm en t  
observed in  September may r e p re se n t  an a ttempt by P e l tand ra  t o  use remaining 
n u t r i e n t s  and a v a i l a b l e  s u n l i g h t  in  t h e  production  and t r a n s l o c a t i o n  o f  
pho tosyn tha te  to  t h e  rhizomes t o  support  asynchronous r o o t  growth and f o r  
overwin te r  s t o r a g e .  As such, shoot growth s t r a t e g i e s  may r e p r e s e n t  a type 
o f  a l l e l o p a t h y  by P e l tand ra  which allows photosyn tha te  p roduc t ion  under 
optimal environmental  c o n d i t io n s  o f  s u n l i g h t  and n u t r i e n t s  (Chapin,  1980) 
while  minimizing compet it ion  f o r  l im i t e d  re sou rce s .
Monthly m o r t a l i t y  r a t e s ,  which in c re a se  from 8% between April  and June 
to  64% between June and August may a l s o  r e p re se n t  a type  o f  growth s t r a t e g y  
by P e l t a n d r a . In te rv a l  monthly tu rnove r  o f  shoots  al lows Pe l tan d ra  to  shed 
weak, grazed , o r  d isea sed  shoots  which, in t u r n ,  a re  rep laced  through new 
r e c ru i tm e n t .  In t h i s  way, Pe l tandra  m ain ta ins  a h e a l th y  shoot popula t ion  
which,  in t u r n ,  i s  capable  o f  supplying an ex tens ive  ro o t  and rhizome 
component with  s u f f i c i e n t  energy through t r a n s l o c a t i o n  o f  photosyntha te .  
Monthly tu rn o v e r  and ra p id  f a l l  dieback a lso  r e s u l t s  in the  conserva t ion  o f  
pho tosyn tha te ,  n i t r o g e n ,  and phosphorus,  through t r a n s l o c a t i o n  t o  the  
rhizomes,  which may be recyc led  to  support  new shoot rec ru i tm en t  and roo t  
p r o d u c t i v i t y .  This  p a t t e r n  may keep n u t r i e n t s  in a type  o f  "dynamic 
equ i l ib r ium " which allows maximum e f f i c i e n c y  in terms o f  n u t r i e n t  
u t i l i z a t i o n ,  decreased energy expend i tu re  f o r  de novo r o o t  up take,  and 
inc reased  s t a b i l i t y  w i th in  the  environment.
Belowground P r o d u c t iv i ty
Rhizome biomass was r e l a t i v e l y  con s tan t  throughout t h e  sampling per iod  
and, as a r e s u l t ,  rhizome p r o d u c t iv i t y  was u n d e tec tab le .  The i n a b i l i t y  to
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d e t e c t  changes in  rhizome biomass may be a t t r i b u t a b l e  t o  t h e  sampling 
t e ch n iq u e ,  which may not be s u f f i c i e n t l y  s e n s i t i v e  t o  t h i s  belowground 
component, o r  t o  t h e  r e l a t i v e l y  slow tu rn o v e r  r a t e  o f  rhizomes (Good e t  a l . 
1982). Genera l ly ,  t i d a l  f r e sh w a te r  macrophytes with e x ten s iv e  rhizomes 
depend on t h i s  component f o r  n u t r i e n t  r e a l l o c a t i o n  and s to r a g e ,  as well as 
s t a b i l i t y ,  hence the  low tu rn o v e r .  Bernard and Solsky (1977) r e p o r te d  an 
in c re a s e  in t o t a l  belowground biomass between June and August f o r  Carex 
l a c u s t r i s  however rhizome biomass remained c o n s ta n t  over t h e  same per iod .
The e x ten s iv e  rhizome component o f  P e l t a n d r a . with a mean monthly s tand ing  
2
s tock  o f  2580 g/m , appa ren t ly  func t ions  in a s i m i l a r  manner r e s u l t i n g  in 
inc reased  s t a b i l i t y  in  a f l u c u a t in g  environment.  Walker (1981) r epo r ted  
s i m i l a r ,  al though somewhat h igher ,  rhizome biomass p a t t e r n s  f o r  P e l t a n d r a .
p
assuming a co n s tan t  rhizome s tand ing  s tock  o f  3528 g/m . An ex ten s iv e ,  
s t a b l e  rhizome component c h a r a c t e r i z e d  by low annual tu rn o v e r ,  then ,  appears 
e s s e n t i a l  to  the  su rv iva l  and s t a b i l i t y  o f  P e l t a n d r a . In f a c t ,  i t  has been 
suggested t h a t  t h e  g r e a t e r  a l l o c a t i o n  t o  rhizome biomass in comparison to  
o th e r  t i d a l  f r e sh w a te r  macrophytes (Good e t  a l . ,  1982), enab les  Pe l tandra  to  
produce and main ta in  ro b u s t ,  monotypic s tands  s i m i l a r  t o  th o se  observed in 
t h i s  s tudy.
The a b i l i t y  o f  Pe l tandra  t o  main ta in  such an e x ten s iv e  rhizome 
component in an anoxic environment i s  somewhat s u r p r i s i n g  in  terms o f  co s t  
to  th e  p l a n t  (Bloome e t  a l . ,  1985). Braendle and Crawford (1987),  working 
with  severa l  marsh macrophytes,  however, demonst rated t h a t  rhizomes are more 
t o l e r a n t  t o  anoxia than a re  r o o t s .  As the  rhizomes a c t  as r e g e n e ra to r s  o f  
both shoots  and r o o t s ,  they a re  a l so  more important t o  the  surv iva l  o f  
macrophytes than a re  th e  r o o t s .  Most ex ten s iv e  rhizome systems, l i k e
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P e l t a n d r a , have well developed aerenchyma t i s s u e  t h a t  i s  v e n t i l a t e d  by the  
shoots  (Armstrong, 1979J, y e t  d e s p i t e  t h i s  unusual c a p a c i ty  f o r  rhizome 
v e n t i l a t i o n ,  rhizomes have d i f f e r e n t  t o l e r a n c e s  to  anoxia  (Braendle  and 
Crawford (1987).  Rhizome t o l e r a n c e  to  anoxia  may be b e s t  exp la ined  by the  
f a c t  t h a t ,  rhizomes,  as pe renn ia l  o rgans ,  must su rv ive  in  th e  f a l l  and 
w in te r  with no oxygen supply .  These f a c t s  sugges t  t h a t  a l though Pe l tandra  
rhizomes may depend on ae ro b ic  r e s p i r a t i o n  dur ing  pe r io d s  o f  shoot  
p r o d u c t i v i t y ,  they  appear t o  depend a t  l e a s t  t o  some degree on anaerobic  
r e s p i r a t i o n  in the  form o f  e thanol fe rm en ta t ion  (Braendle and Crawford, 
1987),  P e l tan d ra  may have evolved mechanisms f o r  swi tch ing  over from more 
e f f i c i e n t  ae rob ic  r e s p i r a t i o n  during pe r iods  o f  primary p r o d u c t i v i t y ,  to  
l e s s  e f f i c i e n t  anaerob ic  r e s p i r a t i o n  f o r  maintenance and support  o f  ro o t  
p r o d u c t i v i t y  in th e  f a l l .  As anearobic  r e s p i r a t i o n  r e q u i r e s  s i g n i f i c a n t  
l e v e l s  o f  photosyn tha te  per  u n i t  ATP p roduc t ion ,  extended pe r iods  in an 
anaerobic  environment in c re a s e  demand f o r  carbohydrate  r e s e r v e s  which must 
be supp l ied  by t r a n s l o c a t i o n  from the  shoo ts .  The high e n e r g e t i c  c o s t  o f  
m ain ta in ing  an ex ten s iv e  rhizome component, however, i s  ba lanced by the  
s t a b i l i t y ,  shoot and ro o t  suppor t ,  and n i t ro g en  and phosphorus s to rag e  
c ap a c i ty  provided by P e l tan d ra  rhizomes.
Like rhizome biomass e s t i m a te s ,  annual r o o t  s tand ing  s tocks  and 
p r o d u c t iv i t y  must be i n t e r p r e t e d  on a r e l a t i v e  b a s i s  due to  t h e  b ia s  
in co rpo ra ted  in the  s i n g l e  monthly excavation o f  p r e s e le c te d  s i t e s .
P e l tand ra  annual roo t  p r o d u c t i v i t y  o f  1568 g/m^ in t h i s  study was
s i g n i f i c a n t l y  lower than th e  annual e s t im a te  o f  2460 g/m re p o r te d  by Good 
and Good (1976).  Root p r o d u c t i v i t y  was, however, s i m i l a r  to  t h e  es t imated
169
annual ro o t  p r o d u c t i v i t y  o f  1258 g/m2 f o r  Pe l tandra  e s t a b l i s h e d  in well 
d ra ined  sediments rep o r ted  by Walker (1981). Comparisons a re  d i f f i c u l t ,  
however, due t o  th e  sampling methods used in th e se  s t u d i e s .  Walker (1981), 
based on th e  assumption t h a t  peak r o o t  biomass co incided  with peak shoot 
s tand ing  s to ck s ,  sampled th e  belowground component only in  June and Ju ly .  
Good and Good (1975) a l so  observed peak belowground s tand ing  s tocks  a t  the  
t ime o f  peak shoot s tand ing  s tock  but only sampled from June to  August. In 
t h i s  s tudy ,  belowground biomass was sampled throughout th e  y e a r  and t h i s  may 
e x p la in ,  a t  l e a s t  in p a r t ,  th e  d i sc rep an c ie s  between th e se  s tu d i e s  whi le  
providing i n s i g h t  in to  the  r e l a t i o n s h i p  between above- and belowground 
biomass.
In t h i s  s tudy, th e  i n i t i a l  phase o f  roo t  p r o d u c t i v i t y  ap p aren t ly  occurs 
between Ju ly  and August, an i n i t i a l  per iod  of  shoot d ieback .  This apparent  
asynchronous cyc le  o f  shoot and roo t  p r o d u c t iv i t y  sugges ts  severa l  
i n t e r e s t i n g  a sp e c t s  o f  growth s t r a t e g i e s  in P e l t a n d r a . As shoot 
p r o d u c t iv i t y  r e q u i r e s  expendi tu re  o f  s i g n i f i c a n t  l e v e l s  o f  energy and 
n u t r i e n t  r e s e r v e s ,  i t  may be e c o lo g i c a l ly  advantageous to  suppor t  shoot 
p r o d u c t iv i t y  dur ing  per iods  o f  maximum p ho tosyn the t ic  production  while  
support ing  ro o t  growth with photosyntha te  produced a t  t h i s  t ime and n i t rogen  
and phosphorus t r a n s l o c a t e d  during shoot senescence.  This p a t t e r n  o f  
belowground p r o d u c t i v i t y ,  in th e  form o f  a secondary belowground peak, has 
been observed a t  t h e  end of  t h e  growing season in  October and November 
(Stroud,  1976; White e t  a l . ,  1978; Smith e t  a l . ,  1979) r e f l e c t i n g  the  
in f luence  o f  t r a n s l o c a t i o n  from aboveground p o r t io n s  ( in  Good e t  a l . ,  1982).
As P e l tand ra  ro o t  growth occurs in a h igh ly  anoxic environment,  roo t  
c e l l s  must have cons tan t  supply o f  oxygen from th e  shoots  t o  support  aerobic
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r e s p i r a t i o n ,  or s h i f t  t o  anaerobic  r e s p i r a t i o n ,  i . e .  f e rm en ta t ion ,  f o r  ATP 
product ion  (apRees e t  a l . ,  1987).  Fermenta tion,  however, i s  i n e f f i c i e n t  due 
to  t h e  inc reased  demand o f  pho tosyn tha te  pe r  u n i t  o f  ATP p roduc t ion .  As a 
r e s u l t ,  r o o t s  dependent on anaerobic  r e s p i r a t i o n  r e q u i r e  g r e a t e r  energy 
a l l o c a t i o n  in  th e  form o f  pho tosyntha te ,  which may decrease  shoot 
p r o d u c t iv i t y  (Walker, 1981). Roots which a r e  capable  o f  aerob ic  r e s p i r a t i o n  
a re  more e f f i c i e n t  and r e q u i r e  oxygen e i t h e r  through d i f f u s i o n  through a 
well developed aerenchyma t i s s u e  (Walker, 1981) o r  bound in some unknown way 
to  pho tosyn tha te  (Walker, 1981; apRees e t  a l . ,  1987).  Roots which extend to  
one meter ,  l i k e  those  o f  P e l t a n d ra . have l i t t l e  aerenchymatous t i s s u e ,  i t  i s  
assumed t h a t  they pay th e  p r i c e  e n e r g e t i c a l l y  in a water logged, anaerobic  
environment (Whigham and Simpson, 1978) by r e q u i r in g  more s u b s t r a t e  f o r  
fe rm enta t ion  and l e s s  shoot t o  roo t  biomass (Shaver and B i l l i n g s ,  1975).
This sugges tion  is  supported by the  low shoot to  ro o t  r a t i o  a t  peak shoot 
biomass of  0.80 observed in t h i s  s tudy.  F u r the r ,  s ince  most l i v i n g  
belowground biomass i s  l o c a t e d  in  th e  top 30 cm, th e  depth  o f  P e l tand ra  
ro o ts  sugges t  a need f o r  ro o ts  t o  extend deeper  to  meet n u t r i e n t  uptake 
requirements  (Good e t  a l . ,  1982). The re fo re ,  Pe l tandra  ro o t s  have probably 
adapted to  fe rmenta t ion  which main ta ins  a high ro o t  energy s t a t u s  
(Mendelssohn and McKee, 1987) and r e s u l t s  in  s u f f i c i e n t  production o f  ATP 
re q u i re d  f o r  n i t ro g en  and phosphorus uptake.  I f  indeed fe rm en ta t ion  i s  t h e  
major pathway f o r  ATP s y n th e s i s  in Pe l tandra  r o o t s ,  then the  l e v e l s  o f  
photosyntha te  r e q u i re d  would be more r e a d i l y  a v a i l a b l e  fo l lowing peak shoot 
biomass.
I f  i t  i s  c o r r e c t  t h a t  shoot and ro o t  p r o d u c t iv i t y  in  P e l tand ra  i s  
supported p r im a r i l y  through th e  r e a l l o c a t i o n  o f  n u t r i e n t s  s to re d  in the
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e x te n s iv e  rhizome component, then asynchronous ro o t  p r o d u c t i v i t y ,  which i s  
neces sa ry  d e s p i t e  th e  th e  c o s t  o f  energy and n u t r i e n t s  in a l im i t e d  
environment (Bloome e t  a l . ,  1985), may serve  as a resupply  mechanism f o r  
n u t r i e n t s  l o s t  through leach ing  and d ea th .  In t h i s  manner, Pe l tandra  
maximizes th e  use n i t rogen  and phosphorus in biomass production  which, in 
t u r n ,  maximizes pho tosyn tha te  production requ i red  f o r  t i s s u e  r e s p i r a t i o n  and 
growth.
Total  P ro d u c t iv i ty
The c o n t r ib u t io n  o f  ro o t  p r o d u c t iv i t y  to  t o t a l  annual p r o d u c t i v i t y  in 
Pe l tan d ra  i s  s i g n i f i c a n t .  In th e  c u r r e n t  study ro o t  p r o d u c t iv i t y  accounts  
f o r  approximate ly  50% o f  th e  t o t a l  annual biomass p r o d u c t iv i t y  o f  3202.44
o
g/m . Total  annual p ro d u c t iv i t y  was s i g n i f i c a n t l y  h igher  than th e  e s t im a te  
o
o f  1895.5 g/m repo r ted  by Walker (1981) and somewhat lower than th e  annual
2
e s t im a te  o f  4438 g/m repo r ted  f o r  P e l tand ra  by Good and Good (1976).  Total
annual p r o d u c t iv i t y  does,  however, approach the  leve l  o f  3749 g/m repor ted  
by Good e t  a l .  (1975) ( in  Whigham e t  a l . ,  1978). The apparent d i f f e r e n c e s  
in  th e se  s tu d i e s  may be a t t r i b u t a b l e  to  loca l  environmental c o n d i t io n s ,  
community s t r u c t u r e ,  sampling techn ique ,  and in c lu s io n  of i n t e r v a l  
m o r t a l i t y ,  which demonst ra tes  the  need f o r  s t an d a rd iz a t io n  techn iques  in 
e s t im a t in g  t o t a l  annual p r o d u c t iv i t y  (de l a  Cruz, 1978).
Root to  shoot r a t i o s  (R:S),  as well  as belowground to  aboveground 
r a t i o s  (B:A), a l so  provide  i n s i g h t  in to  biomass growth s t r a t e g i e s  o f  
P e l t a n d r a . Genera l ly ,  ro o t  to  shoot r a t i o s  are  h ighe r  in macrophytes which 
must compete f o r  n u t r i e n t s  in a l im i t e d  environment.  Shaver and Meli11o
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(1984) r e p o r te d  h ighe r  R:S r a t i o s  in severa l  macrophytes when n i t ro g en  was 
l i m i t i n g .  The h igher  r o o t  t o  shoot r a t i o s  enable  the  p l a n t  to  more 
e f f i c i e n t l y  compete f o r  uptake o f  l im i t e d  n u t r i e n t s  in  an anaerob ic  
environment by in c re a s in g  the  su r face  a re  o f  t h i s  belowground component 
(Shaver and B i l l i n g s ,  1975).  Lower r a t i o s  a re  expected in shallow rooted 
p e re n n ia l s  because they  occur in the  po r t io n  o f  th e  s u b s t r a t e  t h a t  i s  not 
always anaerobic  (Whigham and Simpson, 1978) o r  in  p e re n n ia l s  with ex tens ive  
rhizome s to rag e  compartments which a re  capable  o f  suppor t ing  a s i g n i f i c a n t  
p ropor t ion  o f  shoot n u t r i e n t  demands v ia  r e a l l o c a t i o n .  The r e l a t i v e l y  low 
peak R:S r a t i o  of  1.24 and mean R:S r a t i o  o f  5.16 suppor t  the  con ten t ion  
t h a t  Pe l tandra  supports  th e  m a jo r i ty  of  shoot growth v ia  rhizome 
r e a l l o c a t i o n  and as such does not r e l y  on de novo ro o t  uptake a t  t h i s  t ime.
A h igher  peak B:A r a t i o  o f  4.12 and mean B:A r a t i o  o f  11.45 demonstra te  the  
importance o f  rhizome biomass to  P e l tand ra  and he lp  exp la in  th e  a b i l i t y  o f  
Pe l tandra  to  main ta in  ro b u s t ,  monotypic s tands  dur ing  pe r iods  o f  low roo t  
biomass. The peak B:A r a t i o  observed in t h i s  s tudy i s  s i g n i f i c a n t l y  lower 
than the  B:A r a t i o  o f  8.42 repor ted  f o r  P e l t a n d r a . but h igher  than the  range 
o f  0.55 t o  3 .64 repo r ted  f o r  o th e r  pe rennia l  macrophytes (Whigham and 
Simpson, 1978).
Nitrogen Dynamics
Tissue  Nitrogen Concentra tions
Seasonal p a t t e r n s  o f  n i t rogen  c o n ce n t ra t io n s  in t h e  t i s s u e s  o f  
P e l tand ra  were s i m i l a r  t o  those  observed by (Walker, 1981),  as well  as in 
o th e r  t i d a l  f r e shw a te r  macrophytes (Klopatek,  1975; Boyd, 1978; Richardson
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e t  a l . ,  1978). Shoot n i t r o g en  c o n cen t ra t io n s  reached a peak o f  3.77% in  May 
and d e c l in ed  s t e a d i l y ,  a l though main ta in ing  a r e l a t i v e l y  high c o n ce n t r a t io n ,  
through August.  As such, th e  peak n i t ro g en  c o n ce n t r a t io n s  occurred  during 
th e  lag  phase o f  shoot development and decreased with inc reased  
p r o d u c t i v i t y .  Boyd (1969, 1970) rep o r ted  t h a t  n i t r o g en  c o n ce n t ra t io n s  
decreased in  th e  shoots  o f  Tvpha l a t i f o l i a  and J u s t i c i a  americana as shoot 
biomass in c reased  as d id  Mason and Bryant (1975) in  Phraamites communis and 
Bernard and Solsky (1977) in  Carex l a c u s t r i s . This p a t t e r n  o f  n i t rogen  
c o n ce n t r a t io n  was a l s o  observed by Klopatek (1974, 1975) in seve ra l  t i d a l  
f r e sh w a te r  macrphytes inc lud ing  Scirous  f l u v i t a l i s . Tvpha l a t i f o l i a , and 
Carex l a c u s t r i s . Klopatek r e f e r r e d  to  the  e a r l y  l a g  phase o f  shoot 
development in  which n i t ro g en  c o n cen t ra t io n s  a re  high as Phase I a t  which 
t ime n i t r o g en  i s  accumulated u n t i l  favorab le  environmental  c o n d i t io n s  a re  
reached.  Walker (1981) observed s i m i l a r  p a t t e r n s  in  Pe l tandra  shoots  with 
n i t ro g en  c o n ce n t r a t io n s  decreas ing  from 3.10% in  May t o  1.66% in  Ju ly .
This e a r l y  c o n ce n t ra t io n  o f  n i t ro g en  in apparen t  excess o f  requ i red  
l e v e l s  has been termed "luxury  uptake" by G e r lo f f  and Kromholtz (1966) and 
may r e p r e s e n t  an a ttempt by Pe l tandra  to  accumulate l e v e l s  o f  n i t rogen  
necessa ry  t o  support  th e  subsequent r a p id  growth phase.  Hutchinson (1975), 
in  an e x ten s iv e  review o f  t i s s u e  n u t r i e n t  c o n c e n t r a t io n s ,  a ccep ts  G e r lo f f  
and Kromholtz’ s (1966) e s t im a te  o f  1.3% as the  c r i t i c a l  o r  minimum n i t rogen  
c o n ce n t r a t io n  in p l a n t  t i s s u e ,  below which biomass production  i s  l im i t e d .  
Boyd (1969) and K i s t r i t z  e t  a l .  (1983) sugges ted  t h a t  e a r l y  shoot 
accumulation o f  n i t rogen  in excess o f  metabo l ic  requirements  to g e th e r  with 
decreased energy a l l o c a t i o n  f o r  n u t r i e n t  uptake dur ing  pe r iods  o f  rap id  
growth allow maximum energy input  to  shoot  p r o d u c t i v i t y .  Walker (1981)
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concluded t h a t  th e  e a r l y  lag  phase in  shoot development in P e l tand ra  which 
i s  accompanied by h ighe r  n i t r o g e n  co n ce n t ra t io n s  i s  t h e  r e s u l t  o f  
r e a l l o c a t i o n  o f  s to re d  n i t r o g en  from the  rhizomes.  As s to red  n i t ro g en  i s  in 
th e  complex form* r e a l l o c a t i o n  r e q u i r e s  t ime f o r  breakdown o f  th e se  
compounds and t r a n s p o r t  t o  t h e  developing shoo ts .
The p a t t e r n  o f  shoot n i t r o g en  c o n ce n t ra t io n  in P e l tand ra  i s  b e s t  
expla ined  in terms o f  n i t r o g en  metabolic  requ irements .  As t h e  m a jo r i ty  o f  
n i t ro g en  (75%) in  shoot t i s s u e s  i s  in co rpo ra ted  in to  c h l o r o p l a s t s  (Chapin e t  
a l . ,  1987),  t h e  e a r l y  high c o n ce n t ra t io n s  between March and May provide 
Pe l tandra  with  a s u f f i c i e n t  supply o f  n i t rogen  fo r  ch lorophyl l  s y n th es i s  
which, in t u r n ,  prov ides  Pe l tan d ra  with s u f f i c i e n t  l e v e l s  o f  photosyntha te  
produc t ion .  Chlorophyll  s y n th e s i s ,  which r e q u i r e s  t h e  h igher  n i t ro g en  
c o n c e n t r a t i o n s ,  i s  a p p a ren t ly  high dur ing  e a r l y  pe r iods  o f  shoot development 
with the  pigments subsequent ly  a v a i l a b l e  to  m e r l s t im a t i c  t i s s u e  under 
optimal environmental  c o n d i t io n s  (Boyd and Vickers (1971).  The decrease  in 
shoot n i t r o g en  co n cen t ra t io n  between May and J u l y  r e p re se n t s  a d i l u t i o n  by 
in c re a s in g  biomass with  the  J u l y  level  apparen t ly  the  c r i t i c a l  n i t rogen  
c o n ce n t ra t io n  req u i red  by P e l t a n d r a . The decrease  between Ju ly  and August 
i s  most l i k e l y  due t o  t r a n s l o c a t i o n  t o  the  rhizomes whi le  the  secondary 
in c rease  in  shoot n i t ro g en  c o n ce n t r a t io n  observed in September co inc ides  
with a secondary per iod  o f  new shoot r ec ru i tm en t  observed a t  t h i s  t ime.  As 
investment o f  n i t ro g en  in to  ch lo rophy l l  should not exceed l e v e l s  a t  which an 
a l t e r n a t i v e  investment would y i e l d  g r e a t e r  r e t u r n s  (Chapin e t  a l . ,  1987), 
t h i s  secondary in c re a se  in shoot  n i t rogen  c o n ce n t ra t io n  re p re se n t s  an 
a d d i t i o n a l ,  and ap p aren t ly  n ecessa ry ,  investment o f  n i t ro g en  i n to  
c h l o r o p l a s t  and subsequent photosyn tha te  production .
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The r e l a t i v e l y  high shoot  n i t rogen  c o n c e n t r a t io n s  main ta ined th roughout 
th e  growing season in r e l a t i o n  to  o th e r  macrophyte sp ec ie s  (Boyd, 1978; 
Kadlec,  1979) a re  probably  b e s t  expla ined  in  terms o f  shoot morphology. As 
n i t r o g e n  i s  con ta ined  p r im a r i l y  in  pro toplasmic  m a te r i a l  in r e l a t i o n  t o  ce l l  
wall  suppor t ing  m a t e r i a l ,  macrophytes l i k e  P e l tand ra  with  l e s s  c e l l  wall 
suppor t ing  t i s s u e  would tend to  main ta in  n i t ro g en  a t  h igher  co n ce n t ra t io n s  
(Boyd, 1978). Morover, due t o  high l e v e l s  o f  dark r e s p i r a t i o n  re q u i re d  fo r  
maintenance and growth to g e th e r  with  ro o t  and rhizome demands in shade 
i n t o l e r a n t  p l a n t s ,  l i k e  P e l t a n d r a . high n i t ro g en  c o n c e n t r a t io n s  are  
necessa ry  f o r  inc reased  l e v e l s  o f  carbon a s s i m i l a t i o n  (Chapin, 1980).
Rhizome n i t ro g en  co n ce n t ra t io n s  followed somewhat s i m i l a r  p a t t e r n s  to  
th o se  of  th e  shoots  decreas ing  from a high o f  2.48% in  January  to  a low of  
0.16% in J u ly .  As such, rhizome n i t ro g en  c o n ce n t r a t io n s  were r e l a t i v e l y  
lower than t h a t  o f  t h e  shoots  due t o  the  decreased  demand f o r  ch lorophyl l  
n i t r o g e n .  Based on th e  c r i t i c a l  l e v e l s  accepted by Hutchinson (1975),  
P e l t a n d ra  rhizomes appear capable  o f  s t o r i n g  n i t ro g en  in excess  o f  b a s ic  
metabo l ic  requirements  and demonst rate t h e  importance o f  t h i s  belowground 
component in th e  l i f e  cyc le  o f  Pe l tandra  biomass p roduc t ion .  The sharp  drop 
in  c o n ce n t ra t io n  between January  and March and between April  and May 
c o inc ide  with pe r iods  o f  shoot development,  suppor t ing  the  co n ten t ion  t h a t  
th e  m a jo r i ty  o f  n i t ro g en  which supports  shoot p r o d u c t i v i t y  i s  th e  r e s u l t  o f  
rhizome r e a l l o c a t i o n  r a t h e r  than de novo r o o t  uptake.  Apparent ly ,  between 
January  and March n i t r o g en  s to ra g e  compounds are  broken down w i th in  the  
rhizomes and r e a l l o c a t e d  t o  th e  shoot bases where they  accumulate p r i o r  to  
shoot development.  Breakdown and r e a l l o c a t i o n  to  both shoots  and developing 
r o o t s  con t inues  through August when minimum rhizome c o n ce n t r a t io n s  are
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reached. The f a c t  t h a t  August c o n ce n t ra t io n  i s  wel l  below accepted c r i t i c a l  
l e v e l s  o f  n i t ro g en  req u i red  by p la n t  t i s s u e s  ( G e r lo f f  and Kromholtz, 1966; 
Hutchinson, 1975) demonstra tes  the  a b i l i t y  of Pe l tan d ra  to  main ta in  an 
ex ten s iv e  rhizome component a t  r e l a t i v e l y  low n i t r o g e n  c o n c e n t r a t i o n s .
The in c rease  in rhizome c o n ce n t r a t io n  between August and December i s  
a t t r i b u t a b l e  to  th e  t r a n s l o c a t i o n  o f  n i t r o g en  from senescing  shoo ts .  In 
a d d i t io n ,  as ro o t  biomass i n c re a se s  between Ju ly  and December, i t  i s  assumed 
t h a t  i n c re a se s  in  rhizome c o n ce n t ra t io n s  during t h i s  time i s  t h e  r e s u l t  o f  
de novo r o o t  up take.  De novo ro o t  uptake,  then,  may serve p r im a r i l y  t o  
r e p le n i sh  rhizome c o n ce n t ra t io n s  and e x p la in ,  a t  l e a s t  in p a r t ,  the  
extremely high c o n ce n t ra t io n s  observed through th e  w in te r .  As such, t h e  
rhizomes o f  P e l tand ra  appear t o  a c t  as a conserving mechanism through th e  
s to rage  o f  n i t ro g en  in h igher  c o n ce n t ra t io n s  over t h e  w in te r .  The h ighe r  
rhizome n i t ro g en  co n ce n t ra t io n s  subsequent ly  al low maximum sp r in g  and summer 
shoot development, which in  t u r n  provide  t h e  ro o t s  and rhizomes with 
s u f f i c i e n t  l e v e l s  o f  pho tosyn tha te .
Bernard and Solsky (1977) observed s im i l a r  t r e n d s  in t h e  rhizomes o f  
Carex l a c u s t r i s . however Walker (1981) observed l e s s  s i g n i f i c a n t  p a t t e r n s  in 
the  rhizomes o f  P e l t a n d r a . Walker proposed t h a t  younger p l a n t s  have h igher  
n i t rogen  c o n cen t ra t io n s  in th e  rhizomes whi le  o ld e r  p la n t s  may su s ta in  
comparable l e v e l s  o f  metabolic  a c t i v i t y  w i th  lower c o n c e n t r a t io n s  o f  rhizome 
n i t ro g en ,  r e s u l t i n g  in  r e l a t i v e l y  c o n s ta n t  rhizome c o n c e n t r a t i o n s .  Dykyjova 
and Hradecka (1976) r e p o r te d  t h a t  rhizome n i t rogen  c o n c e n t r a t io n s  in 
Phragmites decreased in the  summer but inc reased  t o  h igher  l e v e l s  in t h e  
f a l l  as d id  Prentk i  e t  a l .  (1978) in rhizomes o f  Tvpha l a t i f o l i a . S im i la r  
p a t t e r n s  have a l so  been observed by Davis and van d e r  Valk (1983) who
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demonst ra ted  t h a t  up t o  45% o f  n i t rogen  in the  shoots  o f  Tvpha a lauca  was 
t r a n s l o c a t e d  and s t o r e d  in t h e  rhizomes.  S im i l a r ly ,  van de r  Linden (1980) 
r e p o r t e d  t h a t  Phraamites recyc led  and s to r e d  i n t e r n a l l y  up to  50% o f  the  
n i t r o g en  from the  sh o o ts .
Root n i t ro g en  c o n ce n t ra t io n s  demonst rated no d i s c e r n i b l e  p a t t e r n s  over 
t h e  sampling periods  although c o n ce n t r a t io n s  were s l i g h t l y  h ighe r  a t  the  
o n s e t  of r o o t  development in Ju ly  and decreased  through October.  This 
p a t t e r n  may r e p re se n t  a type o f  luxury accumulation a t  ro o t  bases  which 
suppor ts  i n i t i a l  ro o t  p r o d u c t i v i t y .  Decreased ro o t  c o n ce n t r a t io n s  between 
March and May, per iods  of  roo t  d ieback, sugges t  t h a t  ro o t s  may t r a n s l o c a t e  
some l e v e l s  o f  n i t rogen  t o  the  rhizomes a lthough t h i s  f l u x  was not measured. 
Like rhizome n i t rogen  c o n ce n t ra t io n s ,  r o o t  c o n cen t ra t io n s  drop below 
accepted  c r i t i c a l  l e v e l s  o f  p l a n t  t i s s u e s ,  sugges t ing  t h a t  r o o t s  r e q u i re  
n i t r o g e n  a t  r e l a t i v e l y  low l e v e l s  in comparison to  shoot t i s s u e s .  Klopatek 
(1974, 1975) observed s im i l a r  p a t t e r n s  o f  ro o t  n i t ro g en  co n ce n t ra t io n s  in 
seve ra l  t i d a l  f reshw ate r  macrophytes as d id  Walker (1981) in th e  ro o t s  o f  
P e l t a n d r a . I t  i s  expected t h a t  ro o t  n i t ro g en  c o n ce n t ra t io n s  would remain 
r e l a t i v e l y  s t a b l e  in comparison to  shoot and rhizome c o n c e n t r a t io n s .  As 
r o o t s  serve a s  condui ts  f o r  n i t ro g en  r a t h e r  than temporary s to rag e  organs 
l i k e  shoots and rhizomes,  n i t ro g en  c o n cen t ra t io n s  simply r e f l e c t  growth 
p a t t e r n s  and not s to ra g e  ad ap ta t io n s  to  a n i t r o g en  l im i t e d  environment.
Tissue Nitrogen Standing Stocks
While seasonal p a t t e r n s  o f  t i s s u e  n i t ro g en  c o n cen t ra t io n s  provide 
informat ion  on cyc l ing ,  r e a l l o c a t i o n ,  and p r o d u c t i v i t y  s t r a t e g i e s  of  
P e l t a n d r a . t i s s u e  n i t rogen  s tand ing  s tocks  i l l u s t r a t e  the  q u a n t i t a t i v e
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a sp ec t s  o f  n i t ro g en  dynamics. The c o r r e l a t i o n  o f  n i t r o g en  s tand ing  s to ck s  
with shoot biomass demonst ra te  th e  importance o f  biomass in r e g u l a t i n g  shoot 
n i t ro g en  l e v e l s .  Despite  dec rea s ing  shoot n i t ro g en  c o n c e n t r a t io n s  between 
Hay and du ly ,  shoot n i t rogen  s tanding  s tocks  in c re a se  s t e a d i l y  to  the  
observed peak in  J u l y ,  co inc id ing  with peak shoot biomass.  This  sugges ts  
t h a t  in c reased  shoot n i t ro g en  s tand ing  s tocks  a re  not simply a r e s u l t  o f  the  
d i l u t i o n  o f  th e  e a r l y  luxury accumulation o f  shoot  n i t ro g en  but r a t h e r  th e  
continued r e a l l o c a t i o n  o f  n i t ro g en  from the  rhizomes necessa ry  t o  suppor t  
the  observed l e v e l s  o f  shoot p r o d u c t iv i t y .  Peak shoot n i t ro g en  s tanding  
s tocks  occu r r ing  a t  peak shoot  biomass sugges ts  t h a t  P e l tand ra  in v es t s  
s i g n i f i c a n t  l e v e l s  o f  n i t rogen  in p r o d u c t iv i t y  and subsequent photosyntha te  
p roduct ion  under optimal environmental  c o n d i t io n s .
S im i la r  p a t t e r n s  o f  shoot  n i t ro g en  s tand ing  s tocks  have been rep o r ted  
f o r  o t h e r  t i d a l  f r eshw ate r  macrophytes.  Klopatek (1975) r e p o r te d  a shoot
p
n i t rogen  s tand ing  s tock  of  15.43 g/m in a Sc i rpus  f l u v i a t i l i s  s tand  and
p
shoot  n i t r o g en  s tand ing  s tocks  o f  approximately  12.0 and 8 .0  g/m in Tvpha 
l a t i f o l i a  and Carex l a c u s t r i s . r e s p e c t i v e l y .  Richardson e t  a l . (1978)
p
observed shoot n i t ro g en  s tand ing  s tocks  a t  6 . 2  g/m in  a l e a t h e r l e a f  and bog 
b i rch  community while  Walker (1981) rep o r ted  peak shoot n i t ro g en  s tand ing
p
s tocks  in  Pe l tandra  o f  10.43 g/m co inc id ing  with peak shoot biomass.  Boyd
(1971) r e p o r te d  a peak n i t rogen  s tand ing  s tock  o f  44.3 g/m^ in J u s t i c i a  
americana although Boyd and Vickers (1971) p o in t  to  th e  f a c t  t h a t  n i t rogen  
s tand ing  s tocks  do no t  n e c e s s a r i l y  co inc ide  with  peak s tand ing  s tocks  as 
with E leochar is  a u a d r a n a u la ta .
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Shoot n i t rogen  s tanding  s tocks  decreased s t e a d i l y  as with decreased 
shoot biomass.  The decrease  in monthly n i t rogen  s tand ing  s tocks  r e p re se n t  
an apparent "switching"  mechanism in the  l i f e  cycle  o f  t i d a l  f r eshw ate r  
macrophytes in which n i t rogen  i s  t r a n s lo c a t e d  to  the  rhizomes during shoot 
senescence (Klopatek,  1975). Trans located  n i t rogen  i s  subsequent ly  
a v a i l a b le  f o r  s to rag e  or  t o  support  new shoot rec ru i tm en t  and root 
p r o d u c t iv i t y .  This "switching" mechanism i s  apparen t ly  used by Pe l tandra  to 
support  r o o t  p r o d u c t iv i t y ,  which, in t h i s  s tudy, i s  assumed t o  be 
asynchronous with shoot p ro d u c t iv i ty .  In t h i s  manner, then ,  increased shoot 
n i t rogen  s tand ing  s tocks  allow maximum photosynthate  product ion ,  which in 
tu rn  suppor ts  l e v e l s  o f  observed p r o d u c t iv i ty  while decreased l e v e l s  provide 
an adequate supply o f  n i t rogen  to  the  belowgound component.
As rhizome biomass i s  assumed to  remain r e l a t i v e l y  cons tan t  throughout 
th e  year ,  rhizome n i t rogen  s tanding s tocks  a re  r e g u la ted  by changes in 
n i t rogen  co n ce n t ra t io n ,  i . e .  the  s t rong c o r r e l a t i o n  with concen t ra t ion ,  
r a t h e r  than changes in biomass. Rhizome n i t rogen  s tand ing  s tocks  decreased 
s i g n i f i c a n t l y  between January and March as complex n i t rogen  s to rage  
compounds a re  broken down and t r a n s lo c a te d  to  developing shoot bases.
Walker (1981) repor ted  a s i g n i f i c a n t  decrease  in Pe l tandra  rhizome n i t rogen
s tanding  s tocks  between April and Ju ly ,  from 44.45 t o  12.35 g/m2 , the  
m a jo r i ty  o f  which was assumed to  be t r a n s lo c a te d  to  th e  shoots  and ro o t s .
The inc rease  in April  may be the  r e s u l t  o f  de novo r o o t  uptake or  n i t rogen  
t r a n s lo c a t e d  dur ing roo t  senescence,  al though t h i s  f l u x  was not measured. 
Rhizome n i t ro g en  s tanding  stocks then decreased s t e a d i l y  to  th e  observed 
minimum in August.
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Assuming rhizome biomass s tand ing  s tocks  t o  be r e l a t i v e l y  cons tan t  
th roughout th e  y e a r ,  th e  extremely high l e v e l s  in  January  demonst ra te  not 
only  the  importance of  th e  c o n ce n t ra t io n  f a c t o r  but a l so  th e  r o l e  o f  the  
rhizome component in  the  s to rag e  o f  n i t r o g en .  In t h i s  s tudy ,  t h e  r e l a t i v e l y  
l a r g e  decrease  between January  and May co in c id es  with pe r iods  o f  "luxury"  
accumulation in th e  shoo ts ,  suppor t ing  th e  hypothes is  t h a t  th e  m a jo r i ty  o f  
shoot p r o d u c t i v i t y  i s  supported by r e a l l o c a t i o n  from the  rhizomes.
S i m i l a r l y ,  assuming r o o t  p r o d u c t i v i t y  begins in  Ju ly ,  t h e  decrease  in 
n i t ro g en  s tanding  s tocks  may a l so  be a t t r i b u t e d  to  r e a l l o c a t i o n  to  roo t  
growth. Using a maximum - minimum c a l c u l a t i o n ,  which does not inc lude  
n i t ro g en  t r a n s l o c a t e d  to  the  rhizomes by monthly shoot m o r t a l i t y ,  t h e r e  i s  
a p p a ren t ly  s u f f i c i e n t  n i t rogen  s to re d  as "complex" n i t ro g en  in the  rhizomes 
to  support  th e  m a jo r i ty  o f  shoot and ro o t  p r o d u c t i v i t y ,  as w i l l  be 
demonstrated  in the  c o n s t r u c t io n  o f  the  Pe l tandra  n i t rogen  model. S im ila r  
rhizome n i t ro g en  p a t t e r n s  have been observed by K i s t r i t z  e t  a l .  (1983),  who 
concluded t h a t  Carex lvngbvei i s  capable  o f  support ing  shoot p r o d u c t iv i ty  
e n t i r e l y  through rhizome r e a l l o c a t i o n  o f  n i t r o g e n .  As a r e s u l t ,  Pe l tandra  
need not f ace  th e  s t r e s s e s  o f  water logged sediments and hydrogen s u l f i d e s  
f o r  an adequate  supply of  n i t ro g en  dur ing  pe r iods  o f  peak shoot development 
(Smith e t  a l . ,  1979).
The in c rease  in  rhizome n i t ro g en  s tand ing  s tocks  between August and 
December i s  assumed t o  be t h e  r e s u l t  o f  n i t ro g en  t r a n s l o c a t i o n  dur ing  shoot 
senescence as well as de novo roo t  uptake between Ju ly  and January .  The 
in c re a se s  ap p aren t ly  r e p re se n t  th e  "switching"  mechanism observed by 
Klopatek (1975) which provide  s u f f i c i e n t  n i t r o g en  l e v e l s  to  suppor t  roo t  
p r o d u c t i v i t y  and rhizome metabolic  requ irem ents .  Winter n i t ro g en  s tanding
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s tocks  r e p r e s e n t  "luxury" accumulation and a re  most l i k e l y  in a "complex" 
s to rag e  form which i s  not r e a d i l y  a v a i l a b l e  to  t h e  rhizomes.  Rhizomes, 
then ,  a c t  as a c e n t r a l  process ing  u n i t  of  P e l t a n d r a . r e g u la t i n g  
compartmental n i t ro g en  f lu x e s  dur ing pe r iods  o f  p r o d u c t i v i t y  and se rv ing  as 
a r e s o v o i r  f o r  n i t ro g en  in th e  w in te r .
Root n i t r o g en  s tand ing  s tocks  inc reased  between August and December, 
co inc id ing  with pe r iods  o f  ro o t  p r o d u c t iv i t y .  As ro o t  n i t ro g en  
c o n ce n t r a t io n s  remained r e l a t i v e l y  cons tan t  throughout t h e  y e a r ,  roo t  
n i t ro g en  s tand ing  s to ck s  a re  a func t ion  of  biomass r a t h e r  than 
c o n ce n t r a t io n .  This i n d i c a t e s  t h a t  Pe l tandra  ro o t s  serve  as condu i ts  f o r  
n i t ro g en  r a t h e r  than s to rag e  components. Oaks and Hirel  (1985) suggested 
t h a t  r o o t  s y n th es i s  o f  amino a c id s ,  which may not be suppl ied  by s to rage  
organs ,  i s  s i g n i f i c a n t  and th e r e f o r e  may r e p r e s e n t  a major p o r t i o n  o f  ro o t  
s tand ing  s to c k s .  Root n i t ro g en  metabolism products  a re ,  in t u r n ,  used
t
i n t e r n a l l y  o r  t r a n s p o r t e d  through the  rhizomes to  th e  sh o o ts .  The 
investment o f  n i t ro g en  in Pe l tandra  ro o t  p ro d u c t iv i t y  i s  h igh.  This may 
r e p re se n t  a necessa ry  investment t h a t  in su re s  an adequate absorp t ion  network 
fo r  n u t r i e n t  uptake t o  re supply  rhizome n i t rogen  r e a l l o c a t e d  to  the  shoots 
and ro o t s  (Walker, 1981).  Walker observed s i m i l a r  p a t t e r n s  in Pe l tandra  
roo ts  with peak n i t rogen  s tanding  s tocks  occurr ing  a t  t imes o f  peak biomass.
Tissue  Nitrogen Leaching
Annual leach ing  o f  shoot n i t rogen  was lower than expected in Pe l tandra  
shoots ,  r e p re se n t in g  only about 2% o f  t o t a l  shoot uptake.  The morphology o f  
Pe l tandra  shoots  and l e av es ,  which decompose r a p id ly ,  should r e s u l t  in 
r e l a t i v e l y  high leach ing  r a t e s  but r e q u i r e  t i d a l  cover .  A computer
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genera ted  model, however, i n d i c a te d  t h a t  th e  l eaves  o f  P e l tan d ra  shoo ts ,  
assumed t o  th e  major component involved in  th e  leach ing  o f  n i t r o g e n ,  were 
only covered by t i d a l  waters  a small percentage  o f  th e  t ime during th e  
summer. As such, l i t t l e  o r  no leach ing  was d e t e c t a b l e  dur ing  t imes o f  peak 
biomass.  The m a jo r i ty  o f  l each ing  occurred  dur ing  th e  lag  phase o f  shoot 
development in which th e  l eaves  were r e l a t i v e l y  small and supported by 
s h o r t e r  s t a l k s .  Tukey (1970) sugges ted  t h a t  n i t rogen  leach ing  r a t e s  a t  t h i s  
t ime a re  g r e a t e r  due to  th e  high l e v e l s  o f  ino rgan ic  n i t ro g en  in the  
i n t e r c e l l u l a r  spaces  o f  l eaves  dur ing  sp r ing  growth o r  autumn senescence (in  
Chapin,  1980).
The lower than expected leach ing  r a t e s  have severa l  im p l ica t io n s  in 
terms o f  n i t ro g en  c y c l in g .  Leaching may not c o n t r ib u t e  th e  high l e v e l s  of  
n i t ro g en  to  t h e  surrounding waters  as p rev ious ly  thought .  In s tead ,  the  
leach ing  of  Pe l tandra  occurs p r im a r i ly  in  shoots  and leaves  which have 
f a l l e n  to  the  sediment su r face  and subsequently  covered by t i d a l  w a te r s .
Live shoo ts ,  then ,  may t r a n s l o c a t e  more n i t rogen  t o  the  rhizomes a t  
senescence than t o  th e  sur rounding  w a te r s .  Klopatek (1975) repor ted  
s i g n i f i c a n t l y  h ighe r  annual r a t e s  o f  n i t r o g en  leach ing  in Sc irpus
9
f l u v i a t i l i s  which reached 7.34 g/m or  approximate ly  42% o f  shoot uptake 
while  K i s t r i t z  e t  a l .  (1983) es t im ated  annual n i t ro g en  leach ing  in a Carex
2
Ivnobvei marsh a t  2.7  g/m . These r e s u l t s  i n d i c a t e  t h a t  some t i d a l  
f r e sh w a te r  macrophytes c o n t r i b u t e  s i g n i f i c a n t  l e v e l s  of  n i t r o g e n  to  the  
surrounding waters  through leach ing  and th e r e f o r e  have a g r e a t e r  impact on 
n i t ro g en  cyc l ing  through t h i s  f l u x  than does P e l t a n d r a .
Tissue  Nitrogen E f f ic ien cy  Indexes
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The r e l a t i o n s h i p  between p la n t  biomass and n i t ro g en  s tand ing  s tocks  i s  
b e s t  de sc r ibed  in terms o f  use e f f i c i e n c y ,  or  u n i t  biomass produced per u n i t  
n i t r o g en  used where as t h e  r e l a t i o n s h i p  between between shoot n i t ro g en  
uptake and t r a n s l o c a t i o n  a t  senescence i s  de sc r ibed  in  terms o f  recovery  
e f f i c i e n c y  (Shaver and H e l i l l o ,  1984). The c a l c u l a t i o n  o f  n i t r o g en  use and 
recovery  e f f i c i e n c y  indexes in the  p l a n t  t i s s u e s ,  to g e th e r  with t i s s u e  
n i t ro g en  dynamics, provide  a b e t t e r  unders tanding o f  n i t r o g en  cyc l ing  
s t r a t e g i e s  in  P e l t a n d r a . as well as o th e r  t i d a l  f r eshw ate r  macrophytes.  
P a s to r  ( in  Shaver and H e l l i l o ,  1984) sugges ts  two p o s s ib le  mechanisms which 
r e g u la t e  n i t ro g en  e f f i c i e n c y  indexes;  1) changes in n i t r o g en  concen t ra t ions  
in most o r  a l l  p l a n t  t i s s u e s  and 2) changes in  biomass a l l o c a t i o n .  As a 
r e s u l t ,  slower  growing spec ie s  would tend to  have lower use e f f i c i e n c y  due 
to  h igher  n i t ro g en  c o n cen t ra t io n s  than spec ies  which a re  c h a r a c t e r i z e d  by 
rap id  growth. In Pe l tandra  shoot,  r o o t ,  and rhizome t i s s u e s ,  use e f f i c i e n c y  
appears  d i r e c t l y  r e l a t e d  t o  both n i t rogen  co n ce n t ra t io n  and biomass 
a l l o c a t i o n .
Nitrogen use e f f i c i e n c y  in the  shoots  o f  Pe l tandra  was s i g n i f i c a n t l y  
lower than in  the  r o o t s  and rhizomes.  Bloom e t  a l .  (1985) demonst rated t h a t  
p l a n t s  use n i t r o g en  most e f f i c i e n t l y  when n i t ro g en  i s  l i m i t i n g  to  t h e  t i s s u e  
although l e a f  p o t e n t i a l  p h o tosyn tha t ic  n i t rogen  use e f f i c i e n c y  increased  
with in c re a s in g  n i t rogen  ( in  Chapin e t  a l . ,  1987). The low use e f f i c i e n c y  
by Pe l tan d ra  shoots  i n d i c a t e s  t h a t  they  are  unaffec ted  by t h e  apparen t ly  
l i m i t i n g  sediment n i t ro g en  l e v e l s  sugges ting  t h a t  e i t h e r  P e l tand ra  shoot 
n i t ro g en  l e v e l s  are  independent of  sediment n i t rogen  o r  t h a t  photosynthate  
demands simply r e q u i r e  h ighe r  l e v e l s  o f  n i t r o g en .  E i th e r  o f  these  p o s s ib le  
ex p lana t ions  may r e s u l t  in the  r e l a t i v e l y  low use e f f i c i e n c y  o f  Pe l tandra
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shoots  in r e l a t i o n  to  o th e r  macrophytes (Shaver and M el i l lo ,  1984). As 
approximately 75% of  shoot n i t rogen  i s  l inked to  investment in c h lo ro p la s t s  
and subsequent photosynthate  product ion (Chapin e t  a l . ,  1987), low nit rogen  
use e f f i c i e n c y  by the  shoots  may rep re sen t  a t r a d e - o f f  f o r  req u i red  l e v e l s  
o f  carbon a s s im i la t io n .
Pe l tandra  shoot n i t rogen  use e f f i c i e n c i e s  were g e n e ra l ly  lower during 
the  lag  phase in shoot development and higher  during June arid Ju ly ,  a t  times 
o f  peak shoot s tanding  s tocks  in d ic a t in g  t h a t  mature shoots  use n i t rogen  
more e f f i c i e n t l y  than th e  younger shoots .  Lower shoot use e f f i c i e n c y  is  
b e s t  expla ined  in terms of  rhizome r e a l l o c a t i o n  and "luxury" accumulation of 
n i t rogen  by young shoots while the  h igher  e f f i c i e n c i e s  are  due to  increased 
shoot biomass in r e l a t i o n  to  n i t rogen .  Lower use e f f i c i e n c y  i s  expected 
when n i t rogen  i s  recycled  through t r a n s lo c a t io n  (Vitousek, 1982) while 
h igher  use e f f i c i e n c y  occurs when n i t rogen  a v a i l a b i l i t y  becomes l im i ted  
(Shaver and M el i l lo ,  1984), both o f  which occur during Pe l tandra  monthly 
shoot m o r t a l i t y  and rhizome dep le t io n ,  r e s p e c t iv e ly .  Use e f f i c i e n c y  in June 
and Ju ly  may th e re fo re  r ep re sen t  an "optimum" level o f  n i t rogen  a s s im i la t io n  
and use by Pe ltandra  shoots .  Shaver and M el i l lo  (1984) repor ted  t h a t  
n i t rogen  use e f f i c i e n c y  decreased in Tvpha l a t i f o l i a . Calamaorostis  
c anadens is , and Tvpha l a t i f o l i a  between sampling i n t e r v a l s  however use 
e f f i c i e n c y  increased  as n i t rogen  a v a i l a b i l i t y  decreased.  Mean n i t rogen  use 
e f f i c i e n c y  was s i g n i f i c a n t l y  higher in these  th r e e  spec ies  than in 
P e l t a n d r a . This may be due, a t  l e a s t  in p a r t ,  t o  the  use o f  whole p lan ts  by 
Shave and Mel i l lo  in the  es t im ate  of  use e f f i c i e n c y  indexes .  The secondary 
inc rease  in  Pe ltandra  shoot use e f f i c i e n c y  in August supports  Vitousek’ s
(1982) exp lana t ion  o f  increased  n i t rogen  use e f f i c i e n c y  during t imes of
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shoot t r a n s l o c a t i o n  w hi le  decreased  l e v e l s  o f  use e f f i c i e n c y  in September i s  
exp la ined  in terms o f  new shoot r ec ru i tm en t  a t  t h i s  t ime .  F i n a l l y ,  th e  low 
mean n i t r o g en  use e f f i c i e n c y  o f  P e l tand ra  shoots  c o n f l i c t s  with the  
sugges t ion  o f  Shaver and Mel i l l o  (1984) t h a t  th e  most e f f i c i e n t  p l a n t s  
become dominant.  The dominant, monotypic s tands  o f  Pe l tan d ra  observed in 
t h i s  s tudy in d i c a t e  t h a t  macrophytes with ex ten s iv e  rhizome n i t ro g en  s to rage  
c a p a c i ty  may no t  r e q u i r e  as e f f i c i e n t  use as macrophytes which must r e ly  
more on de novo roo t  uptake .
Pe l tan d ra  rhizome n i t ro g en  use e f f i c i e n c y  was h ig h e s t  in  August as 
rhizome n i t r o g en  s tand ing  s tocks  were d ep le ted  through r e a l l o c a t i o n  to  the  
shoots  and r o o t s .  The h ig h e s t  use e f f i c i e n c y  ap p aren t ly  r e p r e s e n t s  an 
optimum o r  c r i t i c a l  l e v e l  o f  n i t rogen  use by rhizomes whi le  t h e  low use 
e f f i c i e n c y  in January  demonst ra tes  t h e  importance t h i s  belowground component 
in  n i t r o g en  s to ra g e .  The ex tens ive  supply o f  n i t r o g e n ,  i . e  the  low use 
e f f i c i e n c y  in t h e  w in te r ,  in  th e  rhizomes may exp la in  the  r e l a t i v e l y  low use 
e f f i c i e n c i e s  in the  shoots  as shoot development i s  not r e s t r i c t e d  by 
n i t ro g en  a v a i l a b i l i t y .  The h igher  mean use e f f i c i e n c y  in th e  rhizomes 
in d i c a t e  t h a t  th e  rhizome biomass r e q u i r e s  extremely low l e v e l s  o f  n i t rogen  
in  r e l a t i o n  to  biomass to  support  b a s ic  metabolic  requirements  when compared 
t o  t h e  sh o o ts .  As w in te r  rhizome n i t ro g en  i s  assumed to  be "complex" 
s to ra g e  compounds, and not used by the  rhizomes,  ac tua l  use e f f i c i e n c y  in 
th e  rhizomes may be h ighe r  in the  f a l l  and w in te r  than those  c a l c u l a t e d .  
P e l tand ra  rhizomes,  however, r e p re se n t  th e  most e f f i c i e n t  u se r s  o f  n i t rogen  
and demonst ra te  t h e i r  importance as a major component in  n i t ro g en  cyc l ing  
and s to r a g e .  Bloom e t  a l . (1985) sugges ted t h a t  s to rag e  i s  d i r e c t l y  r e l a t e d  
t o  s to ra g e  c o s t s  and chemical conversion  t o  s p e c i f i c  s to rag e  compounds. In
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P e l tan d ra  rhizomes th e  co s t  o f  s to rag e  may r e p r e s e n t  a necessa ry  expendi tu re  
f o r  t h e  suppor t  o f  p r o d u c t iv i t y  a t  some f u t u r e  t ime o r  su rv iv a l  dur ing  t imes 
o f  s t r e s s .  Root use e f f i c i e n c y ,  as expected,  remained r e l a t i v e l y  c o n s ta n t  
a l though a t  a lower leve l  than the  rhizomes.  As ro o t s  a re  g e n e r a l ly  not 
cons ide red  a s to ra g e  organ but r a t h e r  as a condu i t  n u t r i e n t  uptake,  use 
e f f i c i e n c i e s  should remain r e l a t i v e l y  co n s ta n t .
Recovery e f f i c i e n c y  in P e l tand ra  shoots  decreased  s t e a d i l y  as shoot 
biomass inc reased ,  however mean recovery  remained r e l a t i v e l y  high.  Shaver 
and Meli11o (1984) rep o r ted  t h a t  recovery  e f f i c i e n c y  i s  d i r e c t l y  r e l a t e d  to  
sediment n i t rogen  a v a i l a b i l i t y  while  Turner (1977) suggested  t h a t  as 
recovery  e f f i c i e n c y  in c re a se s  shoot growth must depend l e s s  on de novo ro o t  
uptake and more on r e a l l o c a t i o n .  The r e l a t i v e l y  high recovery  e f f i c i e n c y  
demonst ra tes  t h a t  P e l tand ra  conserves  n i t ro g en  in a l im i t e d  environment and 
t h e r e f o r e  depends more on rhizome r e a l l o c a t i o n  to  meet shoot and ro o t  
demands. In t h i s  manner, Pe l tandra  conserves energy which must o therwise  be 
expended on ro o t  uptake.  Lower recovery e f f i c i e n c y  dur ing  t imes o f  peak 
shoot  d ieback may be in response  t o  th e  extremely high l e v e l s  o f  shoot 
n i t ro g en  a v a i l a b l e  f o r  t r a n s l o c a t i o n  a t  t h i s  time and sugges ts  t h a t  
P e l tand ra  must a d ju s t  t r a n s l o c a t i o n  l e v e l s  t o  shoot biomass.  The lower 
recovery  e f f i c i e n c y  during t imes o f  peak shoot biomass,  however, r e s u l t s  in 
s i g n i f i c a n t  l e v e l s  o f  n i t rogen  l o s t  to  the  environment through d e t r i t a l  f lux  
and subsequent decomposit ion.  As Pe l tandra  shoots  decompose r a p i d l y  (Odum 
and Heywood, 1978), d ieback between Ju ly  and August r e s u l t s  in a s i g n i f i c a n t  
leve l  o f  n i t rogen  r e l e a s e d  t o  the  sediments and surrounding  w a te r s .
Nitrogen recovery  indexes ,  then ,  d i c t a t e  not  only the  l e v e l s  o f  n i t rogen  
conserved in P e l tand ra  but a l so  the  l e v e l s  o f  n i t ro g en  which may be be
187
re le a se d  to  the  environment and subsequently  incorpora ted  in to  sediments or 
f lushed  in to  the  ad jacen t  waterways.
Sediment Nitrogen
Marsh sediments are  g e n e ra l ly  more f e r t i l e  than upland sediments and 
d i f f e r  p r im ar i ly  due to  th e  anaerobic  s t a t e  throughout  th e  sediment column 
with the  except ion of  a t h i n  oxidized l a y e r  a t  th e  sediment surface  
(Klopatek,  1978). Although Pe l tandra  sediment inorgan ic  n i t rogen  s tanding 
s to ck s ,  c o n s i s t in g  of  ammonium and n i t r a t e ,  were r e l a t i v e l y  low throughout 
the  sampling pe r iod ,  ammonium l e v e l s  were s i g n i f i c a n t l y  h igher than n i t r a t e s  
due to  the  f a c t  t h a t  anaerobic  sediments maintain  the  reduced ions in 
r e l a t i o n s h i p  to  t h e i r  oxidized c o u n te rp a r t s  (H ar te r ,  1966; in Klopatek,  
1978). Seasonal p a t t e rn s  o f  ammonium standing s tocks ,  which increased 
between March and August and again in October,  a re  bes t  explained in terms 
o f  anaerobic  sediment chemistry.  M inera l iza t ion  o f  organic  n i t rogen  to  
ammonium, r a t h e r  than n i t r a t e ,  occurs due lack o f  oxygen and ammonium may be 
incorpora ted  in to  organic  m at te r  or  undergo a d so rp t ion /deso rp t ion  (P a t r ick  
and Mahapatra, 1968). The r e l e a s e  through m in e ra l iz a t io n  i s ,  t h e r e f o r e ,  
considered to  be th e  major source of  ammonium to  anaerobic  sediments 
( P a t r i c k  and DeLaune, 1980; Walker, 1981; Bowden, 1982), exp la in ing  higher 
f a l l  and spr ing  l e v e l s .  Delaune and P a t r i ck  (1980) es t imated  t h a t
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approximately 25 g/m / y e a r  o f  inorganic  n i t rogen  was suppl ied  through 
m in e ra l iz a t io n  which was s u f f i c i e n t  to  support  observed l e v e l s  o f  macrophyte 
uptake while Walker (1981) es timated  t h a t  a 1.17%/day m in e ra l iz a t io n  r a t e  in 
Pe l tandra  sediments.  Macrophyte uptake and in corpora t ion  in to  organic  
m a t te r  e l e v i a t e s  th e  buildup o f  sediment ammonium (Klopatek, 1974),
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exp la in in g  th e  decreased l e v e l s  between J u ly  and August when Pe l tan d ra  roo t  
biomass in c r e a s e s .  In a d d i t io n ,  ammonium in th e  oxid ized  l a y e r ,  as a r e s u l t  
o f  oxygen moving through th e  ove r ly ing  water  column, i s  n i t r i f i e d  and the  
r e s u l t i n g  ammonium co n cen t ra t io n  g r a d i e n t  across  the  ae rob ic  l a y e r  causes 
ammonium in  th e  anaerobic  l a y e r  t o  d i f f u s e  upward where i t  a l s o  undergoes 
n i t r i f i c a t i o n  ( P a t r i c k  and Reddy, 1976) r e s u l t i n g  in r e l a t i v e l y  low ammonium 
s tand ing  s tocks  observed throughout the  sampling pe r io d .  This phenomenom, 
however, was not observed in  t h i s  study as the  0 - 1 0  cm sediment l a y e r  
inc ludes  approximate ly  9 cm o f  anaerobic  sediment and, t h e r e f o r e ,  
d i f f e r e n c e s  in  ammonium and n i t r a t e  l e v e l s  between the  aerob ic  su r face  and 
the  remaining anaerobic  l a y e r s  could not be d e tec te d .
N i t r a t e  produced in the  su r fa ce  aerob ic  l a y e r  subsequent ly  d i f f u s e s  
from th e  ae rob ic  l a y e r  where i t  i s  d e n i t r i f i e d  t o  n i t rogen  gas o r  used as 
th e  te rmina l  e l e c t r o n  accep to r  by b a c t e r i a  (P a t r i c k  and Reddy, 1976). These 
ob se rv a t io n s  are  supported by Vanderborght and B i l l e n  (1975) who observed 
high l e v e l s  o f  n i t r a t e  a t  t h e  top severa l  cen t im ete rs  and decreas ing  le v e l s  
in the  o r g a n ic - r i c h  lower anaerobic  l a y e r s .  N i t r a t e  l e v e l s  in t h i s  study 
a re  so low, however, t h a t  d e n i t r i f i c a t i o n  may be o f  l i t t l e  consequence 
(Klopatek,  1978). A l t e r n a t e  pathways o f  n i t r a t e  inc lude  uptake by 
macrophytes where i t  may d i f f u s e  down t o ,  and ou t  o f ,  ro o t s  (Ponnamperuma, 
1972),  e n t ry  in to  groundwater,  and inco rp o ra t io n  in to  o rgan ic  m a t te r  
(Klopatek,  1974) a l l  o f  which exp la in  the  observed seasonal p a t t e r n s  o f  
n i t r a t e  as well as t h e  low n i t r a t e  s tand ing  s tocks  a t  depth .
Maintenance o f  r e l a t i v e l y  low inorgan ic  n i t rogen  s tand ing  s tocks  in the  
sediments o f  P e l tand ra  in r e l a t i o n  t o  req u i red  uptake l e v e l s  a r e  bes t  
expla ined  in  terms o f  the  t o t a l  n i t rogen  l e v e l s .  Total n i t r o g en  l e v e l s  in
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f reshw ate r  sediments are  g e n e r a l ly  high throughout t h e  year  while th e  
inorgan ic  form remains r e l a t i v e l y  low. In th e  c u r r e n t  s tudy  t o t a l  n i t rogen  
l e v e l s  a re  ext remely high throughout th e  sampling per iod  and a re  c o r r e l a t e d  
with o rgan ic  m a t t e r .  High l e v e l s  o f  t o t a l  n i t ro g en  in  t i d a l  f r e sh w a te r  
sediments  have been p rev ious ly  rep o r ted  (Klopatek,  1975; Walker, 1981; 
Bowden, 1982) which a re  g e n e r a l ly  c o r r e l a t e d  with  organic  m a t t e r  (Klopatek,  
1978; Walker, 1981).  A s teady  d ec rea se ,  however, i s  observed throughout th e  
growing season and in to  t h e  senescen t  s tag e  and, as a r e s u l t ,  Pe l tandra  
sediment t o t a l  n i t ro g en  s tand ing  s tocks  decrease  as ammonium l e v e l s  
i n c re a s e .  Boatman and Murray (1982) demonstrated t h a t  marsh o rg a n ic - r i c h  
sediments ,  "a clay-humic complex", may, in  f a c t ,  con t ro l  ammonium 
adsorp t ion  and th e r e f o r e  a v a i l a b i l i t y .  Rosenf ie ld  (1979) demonstrated  t h a t  
a "dynamic equ i l ib r ium "  e x i s t s  between d i s so lv e d ,  exchangeable and f ixed  
ammonium in marine sediments and o f  the  ammonium produced by the  
m i n e r a l i z a t i o n  of o rgan ic  m a t te r ,  twice as much i s  a s s o c ia t e d  with the  
sediments as i s  d i s so lv ed  in  the  i n t e r s t i t i a l  water .
In Pe l tandra  sed im ents ,  t h e r e f o r e ,  th e  m a jo r i ty  o f  n i t ro g en  i s  
appa ren t ly  in  the  o rgan ic  form, as in d ic a ted  by th e  low l e v e l s  o f  inorgan ic  
n i t r o g en ,  and a s so c ia te d  with  the  sediments .  The a v a i l a b l e  ino rgan ic  pool 
may, in  f a c t ,  be exaggera ted  due th e  e x t r a c t i o n  method used. The e x t r a c t i o n  
method does no t  a l low f o r  d i s ce rn in g  between ammonium and n i t r a t e  adsorbed 
to  sediments and t h a t  in th e  i n t e r s t i t i a l  water .  R o sen f ie ld ’ s work, 
however, implies  t h a t  the  m a jo r i ty  may be a s s o c ia t e d  with t h e  sediments 
r e s u l t i n g  in lower ac tua l  s tand ing  s tocks  o f  r e a d i l y  a v a i l a b l e  inorgan ic  
n i t r o g e n .  Chapin (1980) sugges ted  t h a t  indeed i t  i s  sediment p r o p e r t i e s  
which con t ro l  a v a i l a b i l i t y  and ro o t  abso rp t ive  c a p a c i ty .  Seasonal p a t t e r n s
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and l e v e l s  o f  sediment t o t a l  and inorgan ic  n i t r o g en  s tand ing  s tocks  are  
s i m i l a r  t o  th o s  observed in o th e r  marsh sediments .  The mean t o t a l  pool of
p
t o t a l  n i t r o g en  o f  1892 g /n r  observed in t h i s  s tudy  i s  s i m i l a r  to  th e  leve l
o f  1696 g/m2 observed by Klopatek (1975) in  the  top  30 cm o f  Sc irous  
f l u v i t a l i s  sediments .  Walker (1981) rep o r ted  mean t o t a l  n i t ro g en  s tand ing
s tocks  o f  192 and 204 g/m2 a t  the  40-50 and 80-95 cm depths  o f  Pe l tandra  
sedim ents .  Richardson e t  a l .  (1978) es t imated  exchangeable n i t ro g en
2
(ammonium + n i t r a t e )  a t  2.17 g/m ( in  Kadlec, 1979) and t o t a l  n i t rogen
s tand ing  s tocks  a t  683 g/m in the  top  20 cm of  l e a t h e r ! e a f  and bog b i rch  
sedim ents ,  both o f  which were lower than th e  mean values  observed in t h i s  
s tudy .  Haines e t  a l .  (1977) r e p o r te d  peak ammonium s tand ing  s tocks  of
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approximate ly  0.50 g/m f o r  t h e  top 30 cm o f  high marsh s o i l s  between April
and Hay, s i m i l a r  in p a t t e r n ,  however lower than th e  April  leve l  o f  7.53 g/m2 
observed in t h i s  study. The h igher  t o t a l  pools  o f  sediment inorgan ic  
n i t ro g en  observed in t h i s  study may a l so  be expla ined  by th e  f a c t  t h a t  
sediments were sampled to  one meter .
Tissue-Sediment Nitrogen Rela t ionsh ip
The r e l a t i o n s h i p  between sediment and t i s s u e  n i t ro g en  has been 
developed f o r  severa l  t i d a l  f r e shw a te r  macrophytes.  Gosset  and Norr is  
(1971) demonst rated a p o s i t i v e  c o r r e l a t i o n  bewteen the  n i t ro g en  
co n ce n t ra t io n s  o f  Eichorn ia  c r a s s ip e s  and th e  environment,  however Boyd and 
Vickers (1971) were unable to  c o r r e l a t e  t i s su e - s e d im e n t  n i t ro g en  
c o n ce n t r a t io n s  f o r  E icho rn ia . G e r lo f f  and Kromholtz (1966) repo r ted  t h a t
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angiosperm a q u a t i c  p l a n t s  absorb n u t r i e n t s  in  r e l a t i o n  to  environmental  
c o n c e n t r a t io n s  as d id  Klopatek (1975) who demonst ra ted s t rong  c o r r e l a t i o n s  
between sediment n i t ro g en  and n i t rogen  accumulated in  the  above- and 
belowground s tand ing  crops  o f  Tvpha l a t i f o l i a . Scirpus  f l u v i a t a l i s . and 
Carex l a c u s t r i s . Walker (1981) rep o r ted  weak c o r r e l a t i o n s  between sediment 
t o t a l  n i t ro g en  and n i t ro g en  in th e  shoots ,  r o o t s ,  and rhizomes o f  Pe l tandra  
a t  two d i f f e r e n t  sediment l a y e r s .  Apparent ly ,  the  r e l a t i o n s h i p  between 
sediment and t i s s u e  n i t rogen  l e v e l s  i s  dependant on lo c a l  sediment n i t rogen  
chemistry  as  well as on ind iv idua l  sp ec ie s .  Annual sp ec ie s  a re  expected to  
demonst rate  a s t r o n g e r  r e l a t i o n s h i p  s ince  t i s s u e  production  i s  s t r i c t l y  a 
func t ion  o f  de novo ro o t  uptake and dependant on sediment n i t rogen  
a v a i l a b i l i t y  (Walker, 1981), while p e r r e n i a l s  with e x te n s iv e  rhizome s to rage  
mechanisms a re  probably  l e s s  dependant on sediment a v a i l a b i l i t y  and r e l y  on 
r e a l l o c a t i o n  to  meet a s i g n i f i c a n t  po r t ion  o f  t i s s u e  n i t ro g en  requirements .
Klopatek (1978) suggested  t h a t  r i v e r i n e  marshes have evolved r e t e n t i v e  
mechanisms t o  mainta in  phosphorus w i th in  i t s  i n t e rn a l  cycle  the reby  slowing 
the  f lu x  from i t s  boundar ies .  The same mechanisms may be used by t i d a l  
f r e sh w a te r  wetlands to  r e t a i n  n i t ro g en  w i th in  th e  macrophyte community 
through t r a n s l o c a t i o n  a t  senescence,  ex ten s iv e  rhizome s to rag e  components, 
and ro o t  uptake .  As has been p rev ious ly  d i scu ssed ,  t h e  m a jo r i ty  of sediment 
n i t rogen  i s  in the  organic  form and u n a v a i l ab le  for  uptake ( P a t r i c k  and 
Reddy, 1980; Bowden, 1982).  Moreover, as w i l l  be demonstrated  in the  
c o n s t r u c t i o n  o f  a n i t rogen  model f o r  P e l t a n d r a . the re  appears t o  be 
s u f f i c i e n t  n i t ro g en  a v a i l a b l e  in th e  rhizomes t o  support  the  m a jo r i ty  of  
shoot and r o o t  p r o d u c t iv i t y .  As such, i t  i s  u n l ik e ly  t h a t  P e l tand ra  t i s s u e  
n i t rogen  l e v e l s  would be dependent on sediment n i t r o g en ,  r e s u l t i n g  in weak
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or i n s i g n i f i c a n t  c o r r e l a t i o n s .  F i n a l l y ,  i t  i s  u n l ik e ly  t h a t  r a p id  per iods  
o f  shoot p r o d u c t i v i t y  which have been demonstrated in Pe l tan d ra  could be 
supported by de novo ro o t  uptake based on th e  energy expend i tu res  r equ i red  
f o r  a c t i v e  r o o t  up take .  There fore ,  Pe l tandra  shoot and ro o t  p r o d u c t i v i t y  are  
supported p r im a r i l y  by r e a l l o c a t e d  n i t rogen  from th e  rhizomes while ro o t  
uptake i s  app a ren t ly  used as1 a resupply  mechanism f o r  th e  rhizomes.  This 
proposed n i t ro g en  s t r a t e g y  in  P e l tand ra  has been supported by K i s t r i t z  e t  
a l .  (1983) who demonstrated t h a t  a l l  th e  n i t rogen  req u i red  f o r  Carex 
Ivngbvei shoot p r o d u c t iv i t y  i s  supp l ied  by rhizome r e a l l o c a t i o n .
In t h i s  s tudy no r e l a t i o n s h i p  was demonstrated between shoot ,  r o o t ,  and 
rhizome n i t r o g e n  s tand ing  s tocks  and e i t h e r  ino rgan ic  o r  t o t a l  sediment 
n i t r o g e n .  P e l tand ra  would t h e r e f o r e  appear t o  depend l e s s  on sediment 
n i t ro g en  l e v e l s  and more on th e  r e a l l o c a t i o n  o f  rhizome n i t ro g en  t o  support  
biomass p r o d u c t i v i t y .  This s t r a t e g y  would enable  Pe l tandra  to  compete and 
reach maximum p r o d u c t i v i t y  l e v e l s  in  a harsh environment (Broome e t  a l . ,  
1975; G a l laghe r ,  1975); Haines and Dunn, 1976) through i t s  r e l i a n c e  on 
in t e rn a l  s to ra g e  r a t h e r  then sediment a v a i l a b i l i t y .  This independence on 
sediment n i t ro g en  l e v e l s  enable  Pe l tandra  t o  main ta in  a s t a b l e  community in 
a r e so u rce  l im i t e d  environment while  maximizing product ion  l e v e l s .  Maximum 
shoot p r o d u c t i v i t y ,  in t u r n ,  su p p l ie s  s u f f i c i e n t  l e v e l s  o f  photosyntha te  to  
the  ro o t s  and rhizomes fo r  growth and maintenance which al lows Pe l tandra  to  
mainta in  a s t a b l e  belowground component.
Nitrogen Model
Several  methods a r e  a v a i l a b l e  f o r  d i r e c t l y  measuring p l a n t  
compartmental n i t ro g en  f lu x e s ,  however these  methods produce cumulative
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e r r o r s  when e x t r a p o l a t i n g  from s h o r t  term uptake t o  seasonal  accumulation 
(Pren tk i  e t  a l ,  1978). As a r e s u l t ,  monitoring  th e  changes in seasonal  
n i t r o g en  s tand ing  s tocks  in macrophytes may provide  th e  b e s t  e s t im a t io n  
a lthough sampling frequency in  spec ie s  with r e l a t i v e l y  r a p id  growth r a t e s  
such as  Pe l tan d ra  w i l l . a f f e c t  th e  f i n a l  c a l c u l a t i o n  o f  f l u x e s .  Annual 
compartmental f lu x e s  must be i n t e r p r e t e d  on a q u a l i t a t i v e  b a s i s  due to  th e  
i n h e re n t  problems with d a ta  c o l l e c t i o n ,  a n a l y s i s ,  and i n t e r p r e t a t i o n ,  
however, the  q u a n t i t a t i v e  assessment o f  annual n i t ro g en  compartmental flows 
provide  i n s i g h t  in to  t h e  n i t ro g en  uptake,  a s s i m i l a t i o n ,  r e a l l o c a t i o n ,  and 
s to ra g e  c ap a c i ty  o f  P e l t a n d r a . To d a t e ,  however, r e l a t i v e l y  few models o f  
t i d a l  f r e sh w a te r  macrophytes a re  a v a i l a b l e  which d e p ic t  annual n i t ro g en  
s tand ing  s tocks  as well as compartmental flows although severa l  s t u d i e s  have 
a ttempted to  q u a n t i fy  annual n i t rogen  f lu x e s  f o r  domimant macrophyte spec ies  
(Kloptaek, 1975; Richardson e t  a l . ,  1978; Walker, 1981; K i s t r i t z  e t  a l . ,  
1983; Heckman, 1986).
The n i t ro g en  model f o r  P e l tand ra  i l l u s t r a t e s  the  impact o f  p e re n n ia l s  
with an e x ten s iv e  rhizome s to rag e  component and high seasonal  biomass
p
p r o d u c t i v i t y .  The annual shoot uptake o f  44.05 g/m i s  approximate ly  four
2
t imes t h e  annual shoot uptake o f  10.11 g/m rep o r ted  f o r  P e l tand ra  by Walker
p
(1981) and t h r e e  t imes t h a t  o f  15.9 g/m f o r  Carex rep o r ted  by Bernard and 
Solsky (1977).  Klopatek (1975) r e p o r te d  an annual shoot uptake o f  17.46 
2
g/m in a Sc i rpus  f l u v i a t i l i s  s tan d .  Higher annual shoot  uptake by 
P e l tand ra  in t h i s  s tudy i s  b e s t  expla ined  in terms o f  annual shoot 
p r o d u c t iv i t y  and n i t rogen  demands, which a re  apparen t ly  h igher  than in
O
previous  s t u d i e s .  Leaching r a t e s  o f  0.83 g/m / y e a r  were lower than expected
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due to  th e  la ck  o f  t i d a l  cover  on th e  c reek  bank and t h e r e f o r e  does not 
r e p r e s e n t  a s i g n i f i c a n t  r e l e a s e  t o  t h e  environment during pe r iods  o f  shoot 
p r o d u c t i v i t y .  Klopatek (1975) rep o r ted  much h igher  l each ing  r a t e s  in
Sc irpus  w i th  approximately 42% o f  shoot  uptake,  o r  7 .34 g /m ^ /y e a r  l o s t  to 
th e  surrounding  environment in  t h i s  manner while  K i s t r i t z  e t  a l .  (1983)
re p o r t e d  an annual n i t ro g en  leach ing  r a t e  o f  2 .7  g/m f o r  Carex.
The l o s s  o f  24.73 g/m to  th e  d e t r i t a l  component r e p r e s e n t s  a 
s i g n i f i c a n t  level  o f  n i t ro g en  r e l e a s e d  to  su r fa ce  sediments  and ad jacen t  
t i d a l  w a te r s .  This  i s  due t o  the  r a p id  decomposit ion r a t e s  o f  Pe l tandra  
(Dunn, 1978; Odum and Heywood, 1978).  Although i t  would be o f  i n t e r e s t  to  
de termine what percentage  a c t u a l l y  i s  recovered by t h e  sediments dur ing  
decomposit ion in r e l a t i o n  t o  t h a t  l o s t  t o  ad jacen t  w a te r s ,  t h i s  measurement 
i s  d i f f i c u l t  and was not a t tem pted .  The l e v e l s  o f  sediment t o t a l  n i t rogen  
which were c o r r e l a t e d  with organ ic  m a t t e r ,  however, sugges ts  t h a t  c e r t a i n  
l e v e l s  o f  n i t rogen  from th e  d e t r i t a l  component may be r e t a in e d  through 
sedim enta t ion  and undergo subsequent m in e r a l i z a t i o n .  Recovery of
p
approximately 43%, o r  19.32 g/m / y e a r ,  o f  annual shoot  uptake through 
t r a n s l o c a t i o n  a t  senescence demonstra tes  th e  importance o f  n i t rogen  
conse rva t ion  in what i s  considered  a n i t ro g en  l i m i t i n g  environment. 
Conservation o f  n i t rogen  in t h i s  manner provides  an adequate supply o f  
n i t ro g en  f o r  new shoot rec ru i tm en t  and ro o t  growth and e x p la i n s ,  a t  l e a s t  in 
p a r t ,  the  independence o f  Pe l tandra  on sediment n i t rogen  a v a i l a b i l i t y .
High l e v e l s  o f  n i t rogen  conse rva t ion  through t r a n s l o c a t i o n  have been 
observed in o th e r  macrophyte sp ec ie s  (Ga l lagher ,  1975; Broome e t  a l ,  1975; 
V a l i e l a  e t  a l . ,  1975; Klopatek,  1975; K i s t r i t z  e t  a l . ,  1983).  Klopatek
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(1975) ,  however, r e p o r t e d  low n i t ro g en  recovery ,  approximate ly  11% of  shoot 
up take ,  through t r a n s l o c a t i o n  by Scirous  while Walker (1981) observed 
i n s i g n i f i c a n t  l e v e l s  o f  n i t ro g en  recovery  by Pe l tan d ra  shoo ts .  Davis and 
van de r  Valk (1978) r e p o r te d  an annual recovery  through t r a n s l o c a t i o n  o f
9 .60  and 2.56 g/m in Sc irpus  f l u v i a t i l i s  and Tvpha a l a u c a . r e s p e c t i v e l y .
The belowground component i s  a l so  involved in s i g n i f i c a n t  l e v e l s  o f  
n i t r o g e n  uptake ,  i n t e r n a l  cy c l in g ,  and r e l e a s e  t o  t h e  environment.  As 
p rev io u s ly  d i s cu s s ed ,  n i t rogen  s to re d  in th e  rhizomes during th e  w in te r  
appears  s u f f i c e n t l y  high,  based on a maximum - minimum c a l c u l a t i o n ,  to  
suppor t  th e  m a jo r i ty  o f  shoot and r o o t  p r o d u c t i v i t y .  As such i t  i s  
hypothesized  t h a t  th e  m a jo r i ty  o f  n i t ro g en  requ i red  f o r  biomass p ro d u c t iv i t y  
i s  r e a l l o c a t e d  form th e  rhizomes r a t h e r  than from de novo ro o t  uptake 
a lthough the  leve l  o f  ro o t  biomass s tanding  s tocks  th roughout th e  y ea r  
sugges t  a t  l e a s t  some l e v e l s  o f  uptake during the  growing season. This 
hypo thes is  i s  supported by th e  weak c o r r e l a t i o n  observed between shoot and 
sediment n i t r o g e n ,  th e  l e v e l s  o f  energy which would be requ i red  f o r  de novo 
ro o t  uptake dur ing  pe r iods  o f  rap id  shoot development (Clarkson, 1985), and 
th e  low n i t ro g en  use e f f i c i e n c y  by P e l tand ra  shoots .  As such, t h e  m a jo r i ty  
o f  n i t rogen  r e a l l o c a t e d  from th e  ro o t s  t o  the  rhizomes,  e s t im ated  a t  41.11
g/m / y e a r ,  i s  assumed to  occur mainly in th e  f a l l  and w in te r  dur ing  per iods  
o f  r o o t  p r o d u c t i v i t y .
p
Rhizome r e a l l o c a t i o n  to  the  ro o t s  o f  15.55 g/m i s  assumed t o  be e i t h e r  
n i t ro g en  which has been p rev ious ly  s to re d  o r  n i t rogen  t r a n s l o c a t e d  dur ing 
monthly shoot m o r t a l i t y .  In t h i s  manner, P e l tand ra  may most e f f i c i e n t l y  
c y c le  n i t rogen  i n t e r n a l l y  and r e l y  l e s s  on ro o t  uptake .  Nitrogen lo s s  to
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th e  sedim ents ,  e s t im a ted  a t  15.60 g/m annua l ly ,  dur ing  pe r iods  o f  ro o t  
d ieback r e p r e s e n t s  an o v e re s t im a t io n ,  based on an annual c y c le ,  due t o  the  
r e l a t i v e l y  low decomposit ion r a t e s  o f  r o o t s  and rhizomes in  an anaerobic  
environment (Hackney and de l a  Cruz, 1980; Good e t  a l . ,  1982) and t h e  f a c t  
t h a t  t r a n s l o c a t i o n  to  th e  rhizomes during ro o t  senescence was not e s t im ated .  
As a r e s u l t ,  t h e  m a jo r i ty  o f  n i t rogen  in  decaying r o o t s  may remain 
u n av a i l ab le  f o r  extended pe r iods  o f  t ime.  Walker (1981) rep o r ted  
s i g n i f i c a n t l y  lower f lu x e s  t o  the  sediments  dur ing  d ieback o f  P e l tand ra
ro o t s  a t  8 . 6 6  g/m while  Klopatek (1975) es t im ated  annual l o s s e s  to  th e
2
sediment a t  5 .08 g/m in a Sc i rpus  f l u v i a t i l i s  s tan d .  Annual ro o t  uptake o f
p
41.15 g/m demonstra tes  th e  r o l e  o f  P e l tand ra  in removing n i t ro g en  from the  
sediments and i s  s i g n i f i c a n t l y  h igher  than uptake l e v e l s  r e p o r te d  f o r  
a d d i t io n a l  macrophytes (Klopatek,  1975; Richardson e t  a l . ,  1978; Walker, 
1982; K i s t r i t z  e t  a l . ,  1983). As ammonium i s  g e n e r a l ly  the  p r e f e r r e d  
n i t ro g en  ion (Chapin e t  a l . ,  1987), Pe l tandra  a p p a ren t ly  r e g u la t e s  sediment 
ammonium l e v e l s  (Klopatek,  1974).  The l e v e l s  o f  r o o t  uptake a lso  
demonst rate  th e  importance o f  m in e r a l i z a t i o n  o f  o rgan ic  m a t t e r  in 
main ta in ing  s u f f i c i e n t  ammonium s tand ing  s tocks  t o  support  observed l e v e l s  
o f  up take .  The investment in  ro o t  p r o d u c t i v i t y ,  a l though s u b s t a n t i a l ,  i s  
t h e r e f o r e  necessa ry  t o  meet n i t ro g en  demands due t o  t h e  f a c t  t h a t  low l e v e l s  
of  ammonium and n i t r a t e  a re  qu ick ly  d ep le ted  a t  th e  ro o t  i n t e r f a c e  (Chapin 
e t  a l . ,  1987).
Phosphorus Dynamics
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Tissue  Phosphorus Concentra t ions
Seasonal p a t t e r n s  o f  t i s s u e  phosphorus c o n ce n t ra t io n s  were s i m i l a r  to  
those  observed in P e l tand ra  by Walker (1981) as well  as in o t h e r  t i d a l  
f r e shw a te r  macrophytes (Klopatek,  1974,1975; Brinson and Davis,  1976; 
Prentk i  e t  a l . ,  1978; Bernard and Hankinson, 1979; K i s t r i t z  e t  a l . , 1983). 
Prentk i  e t  a l . (1978) sugges ted  t h a t  c r i t i c a l  phosphorus c o n c e n t r a t io n s ,  
u s u a l ly  i n d ic a ted  by minimum seasonal c o n ce n t r a t io n ,  r e p re se n t  i n t e r n a l  
c o n ce n t ra t io n s  above which p la n t  biomass i s  no longe r  l i m i t e d .  Phosphorus 
co n ce n t ra t io n s  above t h i s  l e v e l ,  then ,  r e p r e s e n t  "luxury  uptake" which a re  
in excess  o f  t h e  p lan ts*  needs (G e r lo f f  and Kromholtz, 1966).  These l i m i t s  
have not been e s t a b l i s h e d  f o r  a l l  aqua t ic  p l a n t s  although Hutchinson (1975) 
accep ts  G e r lo f f  and Kromholtz*s (1966) e s t im a te  o f  0.13% as the  c r i t i c a l  or 
minimum co n cen t ra t io n  o f  phosphorus in p l a n t  t i s s u e  ( in  Kadlec, 1979). As 
such, Pe l tan d ra  t i s s u e  c o n ce n t ra t io n s  g e n e r a l ly  remain above th e  c r i t i c a l  
l e v e l ,  with t h e  exception o f  rhizome c oncen t ra t ion  in August, and e i t h e r  
r e p r e se n t  c o n ce n t r a t io n s  in excess  o f  t i s s u e  requirements  o r  a h ighe r  
phosphorus demand o f  Pe l tan d ra  t i s s u e s  f o r  carbon a s s im i l a t i o n  and energy 
necessary  t o  support  observed biomass l e v e l s .
In the  c u r r e n t  s tudy ,  shoot phosphorus c o n ce n t ra t io n s  inc reased  from 
0.40% in March to  a peak o f  0.65% in April  fol lowed by a decrease  to  a low 
of  0.27% in August.  A secondary inc rease  in shoot phosphorus c oncen t ra t ion  
was observed in September, a pe r iod  o f  new shoot r e c ru i tm en t .  Phosphorus 
c o n ce n t ra t io n s  dur ing  th e  lag  phase in shoot development app a ren t ly  
r e p re se n t  accumulation a t  l e v e l s  g r e a t e r  than t h a t  r equ i red  by young shoots .  
As phosphorus i s  a major c o n s t i t u e n t  of  th e  energy compound ATP, nuc le ic  
a c id s ,  and c e l l  wall phospho l ip id s ,  th e  e a r l y  accumulation o f  phosphorus
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re p r e s e n t s  an a t tempt  by Pe l tandra  to  c o n cen t ra te  phosphorus a t  s u f f i c i e n t  
l e v e l s  to  suppor t  t h e  subsequent rap id  growth phase between May and J u ly .
In t h i s  manner, Pe l tandra  shoots  have a r e a d i l y  a v a i l a b l e  phoshorus supply 
f o r  ATP s y n th e s i s  during th e  l i g h t  r e a c t i o n s  as well as s t r u c t u r a l  
components. Klopatek (1975) observed s i m i l a r  phosphorus co n cen t ra t io n  
p a t t e r n s  in shoots  o f  Sc irpus  f l u v i a t i l i s  which he cons idered  Phase I ,  o r  a 
lag  phase c o n c e n t r a t io n ,  as did  K i s t r i t z  e t  a l .  (1983) in Carex lvnabvei 
sh o o ts .  Bernard and Hankinson (1979) r e p o r te d  decreas ing  phosphorus 
c o n c e n t r a t io n s  in aging shoot t i s s u e s  o f  Carex r o s t r a t a  as d id  Brinson and 
Davis (1976) in shoot t i s s u e s  o f  Nuphar lu teum.
I t  seems t h a t  h igher  c o n cen t ra t io n s  o f  phosphorus in young, developing 
shoots  o f  a q u a t i c  macrophytes a re  a common phenomenon! and r e p r e s e n t  an 
adaption which provides  t h e se  p l a n t s  with some type  o f  com pet i t ive  advantage 
in terms o f  growth and s t a b i l i t y .  The most l i k e l y  exp lana t ion  i s  t h a t  
h ighe r  phosphorus co n ce n t ra t io n s  observed in Pe l tandra  shoots  a re  the  r e s u l t  
o f  r e a l l o c a t i o n  from the  rhizomes and not from de novo ro o t  up take.
Assuming phosphorus i s  s to re d  as "complex" compounds (Walker, 1981),  the  lag 
phase in shoot development allows time f o r  t h e se  compounds to  be broken down 
and t r a n s l o c a t e d  to  the  developing shoot bases .  The h ighe r  c o n c e n t r a t io n s ,  
in t u r n ,  suppor t  the  rap id  pe r iods  o f  shoot  growth. As such, phosphorus i s  
d i r e c t e d  to  shoot p r o d u c t iv i t y  and allow maximum use o f  s u n l ig h t  in the  
s y n th es i s  o f  ATP and subsequent use o f  t h i s  energy compound in th e  
a s s i m i l a t i o n  of  carbon. The inc reased  a v a i l a b i l i t y  o f  phosphorus a l so  
al lows s u f f i c i e n t  c e l l  wall  s y n th es i s  t o  support  growth p a t t e r n s  which 
i n h i b i t  e s tab l i sh m en t  of  o th e r  sp ec ie s .  The secondary in c rease  observed in
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September r e p r e s e n t s  an a d d i t i o n a l ,  and a p p a ren t ly  necessa ry ,  investment o f  
phosphorus in  carbon a s s i m i l a t i o n  r e q u i re d  by th e  belowground component.
P e l t a n d ra  rhizome phosphorus c o n cen t ra t io n s  decreased  dur ing  pe r iods  o f  
peak shoot and i n i t i a l  r o o t  p r o d u c t iv i t y  and inc reased  during p e r iods  of 
shoot senescence  and maximum ro o t  p r o d u c t i v i t y .  The h ig h e r  rhizome 
c o n c e n t r a t i o n s  p r i o r  t o  t h e  onse t  o f  shoot development a re  th e  r e s u l t  o f  
"complex" phosphorus s to ra g e  compounds which must be broken down p r i o r  to  
r e a l l o c a t i o n  to  the  shoo ts .  Rhizome phosphorus c o n c e n t r a t io n s  in t h e  w in te r  
and s p r in g ,  th e n ,  r e p r e s e n t  a "luxury" accumulation and t h e r e f o r e  a re  
cons ide red  as phosphorus compounds which may not a c t u a l l y  be used by the  
rhizomes but r a t h e r  f o r  t h e  support  shoot  and r o o t  p r o d u c t i v i t y .  As such, 
phosphorus c o n c e n t r a t io n s  decrease  as shoot  and ro o t  biomass i n c r e a s e ,  and 
a re  assumed t o  r e p r e s e n t  continued r e a l l o c a t i o n ,  while minimum phosphorus 
c o n c e n t r a t io n s  demonst ra te  th e  r e l a t i v e l y  low ac tua l  phosphorus requirements  
o f  rhizomes.  The in c re a se  in rhizome phosphorus c o n ce n t r a t io n s  between 
August and December r e p r e s e n t  phosphorus conserved through shoot 
t r a n s l o c a t i o n  as well  as de novo ro o t  uptake while  in c re a se s  between March 
and April  may be the  r e s u l t  o f  phosphorus t r a n s lo c a t e d  t o  th e  rhizomes 
dur ing  ro o t  senescence  or  a d d i t io n a l  ro o t  uptake.  Asynchronous shoot and 
r o o t  growth p e r io d s ,  t h e r e f o r e ,  may r e p r e s e n t  the  most e f f i c i e n t  use o f  
phosphorus by P e l tan d ra  t i s s u e s  by co n ce n t ra t in g  t h i s  n u t r i e n t  p r i o r  t o  
shoot and ro o t  development and using shoot  t r a n s l o c a t i o n  and r o o t  uptake to  
resupp ly  rhizome c o n ce n t r a t io n s  f o r  the  fo l lowing  year .
Walker (1981) rep o r ted  s i m i l a r  p a t t e r n s  in th e  rhizomes o f  Pe l tandra  as 
d id  Klopatek (1975) in  t h e  r o o t s  and rhizomes of  Carex l a c u s t r i s  and Scirpus 
f l u v i a t i l i s . The h ighe r  phosphorus co n ce n t ra t io n s  appear t o  be common in
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p e re n n ia l s  with  r e l a t i v e l y  l a r g e  rhizome s to ra g e  compartments and 
demonst ra te  t h e  importance o f  t h i s  component t o  t h e  s t a b i l i t y  o f  
macrophytes.  By c o n ce n t ra t in g  phosphorus p r i o r  t o  pe r iods  o f  biomass 
p r o d u c t i v i t y ,  p e r e n n i a l s ,  such as P e l t a n d r a . r e l y  p r im a r i ly  on r e a l l o c a t e d  
rhizome phosphorus r a t h e r  then expend s i g n i f i c a n t  l e v e l s  o f  energy on 
n u t r i e n t  abso rp t ion  dur ing  peak shoot p r o d u c t i v i t y  and allow more energy t o  
be a l l o c a t e d  towards dry  m a t te r  production (Boyd, 1969; in K i s t r i t z  e t  a l . ,
1983).
P e l tand ra  ro o t  phosphorus c o n cen t ra t io n s  remained r e l a t i v e l y  cons tan t  
a l though a s l i g h t  decrease  in co n cen t ra t io n  was observed between March and 
June and between J u ly  and September. The secondary decrease  i s  assumed t o  
be th e  r e s u l t  o f  inc reased  ro o t  p r o d u c t i v i t y .  This would sugges t  t h a t  ro o t s  
may c o n cen t ra te  c e r t a i n  l e v e l s  o f  phosphorus a t  developing ro o t  bases 
s u f f i c i e n t  t o  suppor t  observed l e v e l s  o f  ro o t  p r o d u c t i v i t y ,  which are  
subsequently  d i l u t e d  with in c reas in g  ro o t  biomass.  Assuming t h a t  ro o t  
phosphorus i s  de r ived  p r im a r i ly  through rhizome r e a l l o c a t i o n  and t h a t  ro o ts  
a re  not a s to ra g e  organ but r a t h e r  a condui t  f o r  phosphorus,  phosphorus 
co n ce n t ra t io n s  should remain r e l a t i v e l y  c o n s ta n t .  Mean phosphorus 
co n ce n t ra t io n s  demonst rate  th e  r e l a t i v e l y  e q u iv a l en t  demands o f  shoot,  
r o o t s ,  and rhizomes f o r  phosphorus.  Walker (1981) observed s i m i l a r  p a t t e r n s  
in Pe l tandra  r o o t s  with  phosphorus c o n ce n t ra t io n s  decreas ing  between March 
and J u ly ,  a l though Walker assumed ro o t  p r o d u c t i v i t y  co incided  with t h a t  o f  
the  shoots .
T issue  Phosphorus Standing Stocks
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Although seasonal p a t t e r n s  o f  t i s s u e  phosphorus c o n c e n t r a t io n s  provide 
i n s i g h t  in to  r e l a t i v e  phosphorus cyc l ing  s t r a t e g i e s  o f  P e l t a n d r a . t i s s u e  
phosphorus s tand ing  s tocks  demonst rate th e  q u a n t i t a t i v e  a sp ec t s  o f  
phosphorus dynamics. The s t rong  c o r r e l a t i o n  between shoot phosphorus 
biomass s tand ing  s tocks  i l l u s t r a t e s  t h a t  e f f e c t  o f  biomass on phosphorus 
s tand ing  s to c k s .  The r e l a t i v e l y  small in c re a s e  in  shoot phosphorus s tand ing  
s tocks  between April  and May may be b e s t  exp la ined  as a d i l u t i o n  o f  h igher  
phosphorus c o n c e n t r a t io n s  observed dur ing t h e  lag  phase in  shoot 
development. The s i g n i f i c a n t  in c rease  in shoot  phosphorus s tand ing  s tocks  
between May and Ju ly ,  however, co inc ide  with decreas ing  phosphorus 
c o n ce n t r a t io n s  and a re  t h e  r e s u l t  o f  inc reased  shoot biomass and continued 
r e a l l o c a t i o n  from th e  rhizomes.  The in c rease  in phosphorus s tand ing  s tocks  
i s  t h e  r e s u l t  o f  the  in c reased  demand o f  shoot  p r o d u c t i v i t y  f o r  energy in 
the-form o f  ATP as well as c e l l  w a l l .
Phosphorus i s  g e n e r a l ly  s to re d  in th e  vacuoles  as simple s to rag e  
compounds o r  conver ted t o  phy t ic  ac id  which,  in t u r n ,  can t r a n s f e r  
phosphorus t o  ADP dur ing th e  s y n th e s i s  o f  ATP dur ing  th e  l i g h t  r e a c t io n  
( B ie le sk i ,  1973).  Peak shoot phosphorus s tand ing  s tocks  co inc ide  with peak 
shoot biomass i n d i c a t i n g  th e  maximum demand f o r  phosphorus during  per iods  o f  
maximum carbon a s s i m i l a t i o n .  As a r e s u l t ,  Pe l tandra  shoots  maximize optimum 
environmental  c ond i t ions  f o r  th e  production  o f  pho tosyn tha te  f o r  shoot 
r e s p i r a t i o n  as well as t r a n s l o c a t i o n  to  belowground components. This  allows 
s u f f i c i e n t  photosyn tha te  f o r  belowground c e l l u l a r  r e s p i r a t i o n ,  which, as 
p rev ious ly  d i s cu s s ed ,  depends on high l e v e l s  o f  s u b s t r a t e  f o r  anaerob ic  
r e s p i r a t i o n .  Decreased s tand ing  s tocks  between J u ly  and August r e p re se n t s  a
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"switch ing"  mechanism in which phosphorus r e s e rv e s  a re  r e a l l o c a t e d  from 
senescing  shoots  t o  th e  rhizomes (Klopatek,  1975).
Apparent ly  t h i s  p a t t e r n  o f  shoot phosphorus s tand ing  s tocks  i s  common 
in t i d a l  f r e sh w a te r  macrphytes.  Walker (1981) observed s i m i l a r  p a t t e r n s  in
th e  shoots  o f  Pe l tan d ra  with a peak phosphorus s tand ing  s to c k  o f  2 .00 g/m2 
c o in c id in g  with peak shoot biomass.  Klopatek (1975) observed an i d e n t i c a l
O
peak phosphorus s tand ing  s tock  o f  3.33 g/m in a Scirpus  f l u v i a t i l i s  s tand .  
Brinson and Davis (1976) a l so  observed an in c rease  in  phosphorus s tand ing
p
s tocks  to  a peak o f  0.197 g/m followed by a decrease  dur ing  shoot dieback 
in Nuphar lu teum . Boyd (1971) r e p o r t e d  shoot phosphorus s tand ing  s tocks  of
p
2 . 8  g/m f o r  J u s t i c i a  americana while  Brinson and Davis (1976) r e p o r te d  a
much lower l e v e l  o f  0.197 g/m2 in Nuohar 1uteum ( in  Kadlec, 1979).  This 
p a t t e r n  o f  shoot  phosphorus s tand ing  s tocks  in c re a se s  r e l a t e d  t o ,  and o f ten  
co incing  w i th  pe r iods  o f  peak shoot p r o d u c t i v i t y ,  followed by a "switching" 
mechanism in  which phosphorus s tand ing  s tocks  decrease  as a r e s u l t  o f  shoot 
d ieback  and phosphorus t r a n s l o c a t i o n ,  r e p r e s e n t  the  most e f f i c i e n t  use o f  
phosphorus by P e l t a n d r a .
As Pe l tan d ra  rhizome biomass i s  assumed t o  remain r e l a t i v e l y  con s tan t  
th roughout t h e  y e a r ,  rhizome phosphorus s tand ing  s tocks  a re  r e g u la ted  by 
changes in phosphorus c o n c e n t r a t i o n s .  Due t o  t h e  f a l l  t r a n s l o c a t i o n  o f  
phosphorus from th e  shoots  and r o o t  uptake between August and December 
rhizome s tand ing  s tocks  inc reased  from th e  minimum observed in  August.  A 
peak rhizome phosphorus s tand ing  s tock ,  however, was observed in April  a t  
t h e  onset  o f  shoot development and i s  b e s t  expla ined  in terms o f  r o o t  uptake 
o r  t r a n s l o c a t i o n  by senescing  r o o t s .  The high phosphorus s tand ing  s tocks
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observed in April  a re  c e r t a i n l y  in excess o f  rhizome requ i rem en ts .  I t  i s  
expected ,  then ,  t h a t  t h e se  s tand ing  s tocks  r e p re se n t  e i t h e r  "complex'' 
phosphorus s to ra g e  compounds which a re  not a c t i v e l y  inco rpo ra ted  i n to  
rhizome t i s s u e  o r  simple uptake compounds. Rhizome phosphorus s tanding  
s tocks  decreased  s i g n i f i c a n t l y  between April  and August dur ing  pe r iods  o f  
maximum shoot and i n i t i a l  ro o t  p r o d u c t i v i t y .  As i t  has been hypothesized 
t h a t  P e l tand ra  shoot and ro o t  p r o d u c t i v i t y  are  suppor ted p r im a r i ly  from 
rhizome r e a l l o c a t i o n  r a t h e r  than de novo ro o t  uptake,  decreases  in  rhizome 
phosphorus s tanding  s tocks  are  considered  t o  be th e  a r e s u l t  o f  breakdown 
and t r a n s l o c a t i o n .
As w i l l  be demonstrated in  th e  co n s t r u c t io n  o f  a model d e p ic t in g  annual 
compartmental f l u x e s ,  t h e r e  a re  s u f f i c i e n t  phosphorus s tand ing  s to ck s ,  due 
to  conserva t ion  of  phosphorus through t r a n s l o c a t i o n  and asynchronous ro o t  
uptake,  t o  support  both shoot and ro o t  p r o d u c t iv i t y .  The a b i l i t y  o f  
Pe l tandra  to  support  p r o d u c t iv i t y  through r e a l l o c a t i o n  allows maximum 
investment o f  phosphorus i n to  carbon a s s im i l a t i o n  r a t h e r  than in  th e  ATP 
requ i red  f o r  de novo roo t  uptake .  In t h i s  manner, Pe l tandra  u t i l i z e s  energy 
most e f f i c i e n t l y  and i s  ab le  t o  main ta in  robus t  monotypic s tan d s .
This p a t t e r n  o f  rhizome phosphorus s tand ing  s tocks  i s  s i m i l a r  to  those  
repo r ted  f o r  o th e r  pe renn ia l  macrophytes.  Walker (1981) observed a 
s i g n i f i c a n t  decrease  in rhizome phosphorus s tanding  s tocks  between June and 
J u ly ,  co inc id ing  with shoot  p r o d u c t iv i t y .  Walker a t t r i b u t e d  t h i s  decrease  
to  r e a l l o c a t i o n  to  t h e  shoo ts .  Klopatek (1975) a lso  observed t h i s  p a t t e r n  
in severa l  t i d a l  f r eshw ate r  macrophytes as did Brinson and Davis (1976) in 
Nuphar lu teum. K i s t r i t z  e t  a l .  (1983) r e p o r te d  an in v e rse  r e l a t i o n s h i p  
between phosphorus s tand ing  s tocks  in the  shoots  and rhizomes o f  Carex
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Ivnqbvei as a r e s u l t  o f  rhizome r e a l l o c a t i o n  f o r  shoot  growth and shoot 
t r a n s l o c a t i o n  a t  senescence.  This p a t t e r n  o f  rhizome phosphorus s tand ing  
s tocks  emphasize th e  importance o f  the  rhizome component in phosphorus 
c y c l in g  which allows th e  most e f f i c i e n t  use o f  phosphorus in  carbon 
a s s i m i l a t i o n  and ro o t  uptake.
As ro o t  phosphorus co n ce n t ra t io n s  remain r e l a t i v e l y  c o n s ta n t ,  seasonal 
p a t t e r n s  o f  ro o t  phosphorus s tanding  s tocks  a re  th e  r e s u l t  o f  seasonal 
biomass p a t t e r n s .  Root phosphorus s tand ing  s tocks  inc reased  dur ing  per iods  
o f  r o o t  p r o d u c t iv i t y  and decreased  dur ing  senescence .  This p a t t e r n  
i l l u s t r a t e s  th e  r o l e  o f  Pe l tandra  ro o t s  as a condui t  f o r  phosphorus r a t h e r  
than as  a s to rag e  component.
T issue  Phosphorus Leaching
Leaching r a t e s  o f  phosphorus from P e l tand ra  shoots  was r e l a t i v e l y  low 
in comparison t o  r a t e s  observed in  o th e r  t i d a l  f r e sh w a te r  macrophytes.  On 
the  assumption t h a t  t h e  m a jo r i ty  o f  phosphorus leached i s  from th e  l e av e s ,  
h ighe r  leach ing  r a t e s  were expected due to  the  morphology o f  Pe l tandra  
l e a v e s ,  however th e  l a c k  o f  t i d a l  cover dur ing t imes o f  peak shoot biomass 
r e s u l t e d  in the  observed r a t e s .  The m a jo r i ty  o f  l e ach in g ,  t h e r e f o r e ,  
occurred  dur ing th e  lag  phase in shoot development and d ieback in  th e  f a l l  
when t i d e  l e v e l s  were s u f f i c i e n t l y  high to  cover shoot biomass,  however 
l i t t l e  or no leach ing  occurred when the  l eaves  were a t  t h e i r  maximum s i z e .  
The m a jo r i ty  o f  l each ing  may th e r e f o r e  occur when shoots  f a l l  t o  the  
sediment s u r f a c e .  As such phosphorus leach ing  may r e p re s e n t  a minor f lu x  
from P e l tand ra  shoots  t o  sediments and ad jacen t  w a te r s .  Klopatek (1975)
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ore p o r te d  s i g n i f i c a n t l y  h igher  annual phosphorus leach ing  r a t e s  o f  2.20 g / m ,  
or  60% o f  shoot uptake,  from the  shoots  o f  Sc irpus  f l u v i a t i l i s .
Tissue  Phosphorus E f f ic ien cy  Indexes
The r e l a t i o n s h i p  between biomass and phosphorus s tand ing  s tocks  i s  bes t  
desc r ibed  in terms o f  use e f f i c i e n c y  while the  a b i l i t y  o f  Pe l tandra  to  
conserve phosphorus in  r e l a t i o n  t o  biomass i s  b e s t  d e sc r ib e d  in terms o f  
recovery  e f f i c i e n c y .  The c a l c u l a t i o n  o f  phosphorus use  and recovery 
e f f i c i e n c y  indexes help d e f in e  t h e  r o l e  o f  Pe l tandra  in the  cyc l ing  o f  
phosphorus.  Mean shoot use e f f i c i e n c y  was s i g n i f i c a n t l y  lower than both 
ro o t s  and rhizomes with monthly shoot use e f f i c i e n c y  r e l a t i v e l y  lower during 
the  lag  phase in  shoot development and inc reas ing  dur ing  per iods  o f  maximum 
shoot biomass and i n i t i a l  pe r iods  o f  senescence .  Low shoot use e f f i c i e n c i e s  
may be b e s t  exp la ined  in terms o f  th e  "luxury" accumulation o f  phosphorus 
dur ing  th e  e a r l y  pe r iods  o f  shoot development.  Higher use e f f i c i e n c y  a t  
peak biomass r e p re s e n t s  th e  optimum level  o f  phosphorus use e f f i c i e n c y  by 
Pe l tandra  shoots  when phosphorus c o n cen t ra t io n s  are  a t  a c r i t i c a l  leve l  in 
r e a l t i o n  to  biomass.
Shaver and H e l i l l o  (1984) suggested t h a t  phosphorus use e f f i c i e n c y  
decreases  when phosphorus a v a i l a b i l i t y  i n c re a s e s .  The low use e f f i c i e n c y  in 
P e l tand ra  shoots ,  in r e l a t i o n  t o  o th e r  macrophytes (Shaver and H e l i l l o ,
1984) sugges ts  t h a t  phosphorus i s  not l i m i t i n g  to  the  shoots  as a r e s u l t  o f  
rhizome s to ra g e  and r e a l l o c a t i o n .  The h ighe r  use e f f i c i e n c y  dur ing a t  peak 
shoot biomass may be the  r e s u l t  o f  decreas ing  l e v e l s  o f  a v a i l a b l e  phosphorus 
in t h e  rhizomes as well as the  d i l u t i o n  o f  the  e a r ly  luxury  accumulation of  
phosphorus by th e  shoots .
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Mean rhizome use e f f i c i e n c y  was s i g n i f i c a n t l y  h ighe r  than t h a t  o f  the  
shoo ts .  As rhizome biomass was assumed r e l a t i v e l y  c o n s ta n t  throughout th e  
sampling pe r io d ,  use e f f i c i e n c y  i s  a t t r i b u t a b l e  t o  th e  changes in phosphorus 
c o n ce n t ra t io n s  and s tanding  s tocks .  The r e l a t i v e l y  low rhizome use 
e f f i c i e n c y  in April  are  the  r e s u l t  o f  th e  "luxury" accumulation o f  s to red  
phosphorus compounds. As shoot p ro d u c t iv i t y  in c r e a s e s ,  complex phosphorus 
compounds a re  broken down and r e a l l o c a t e d  to  the  developing shoot bases and 
to  the  r o o t s .  Rhizome use e f f i c i e n c y  then in c re a se s  t o  an optimum leve l  in 
August as rhizome phosphorus su p p l ie s  a re  d e p le t ed .  The optimum e f f i c i e n c y  
in August demonst ra tes  th e  a b i l i t y  o f  P e l tand ra  rhizomes to  support  
s i g n i f i c a n t  l e v e l s  o f  biomass on r e l a t i v e l y  low s tand ing  s tocks  of  
phosphorus.  Low rhizome use e f f i c i e n c y ,  on t h e  o th e r  hand, i s  d i r e c t l y  
r e l a t e d  to  phosphorus s to rag e  and cos t s  (Bloom e t  a l . ,  1985) and r e p re se n ts  
a t r a d e - o f f  f o r  a r e a d i l y  a v a i l a b l e  supply o f  phosphorus. As expected,  roo t  
use e f f i c i e n c y  remained r e l a t i v e l y  cons tan t  throughout th e  sampling pe r iod ,  
reaching  an apparent optimum leve l  between September and December.
Recovery e f f i c i e n c y  decreased s i g n i f i c a n t l y  as shoot p r o d u c t iv i t y  
inc reased .  The minimum recovery e f f i c i e n c y  observed dur ing  pe r iods  o f  
maximum shoot biomass sugges ts  t h a t  Pe l tandra  must a d j u s t  t r a n s l o c a t i o n  
l e v e l s  t o  shoot  biomass.  By a d ju s t in g  recovery  to  t h e  l e v e l  o f  shoot 
biomass,  Pe l tandra  rhizomes a llow fo r  maximum phosphorus conse rva t ion  within  
the  a s s i m i l a t i v e  and s to rage  cap ac i ty  o f  the  rhizomes.  Lower recovery 
e f f i c i e n c y  a t  peak biomass,  however, r e s u l t s  in  s i g n i f i c a n t  l e v e l s  o f  
phosphorus r e l e a se d  to  th e  environment through the  d e t r i t a l  compartment and 
subsequent decomposit ion.  Shaver and H e l i l l o  (1984) observed s i m i l a r
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recovery  p a t t e r n s  in Carex with mean recovery  e f f i c i e n c y  decreas ing  between 
sampling p e r io d s .
Sediment Phosphorus
Genera lly ,  l e v e l s  o f  d i s so lv ed  inorgan ic  phosphorus in  flooded s o i l s  
and marsh sediments depend on th e  c ap a c i ty  o f  th e  sediments  to  r e l e a s e  
phosphate t o  s o lu t io n s  low in phosphorus and adsorb i t  from s o l u t i o n s  high 
in phosphorus which, in t u r n ,  determines  whether or thophosphate  in 
i n t e r s t i t i a l  waters  i s  s u f f i c i e n t  to  meet p l a n t  requirements  ( P a t r i c k  and 
Khalid,  1974). For t h i s  reason , exchangeable phosphorus i s  considered  as 
the  a v a i l a b l e  pool (Carignan and F l e t t ,  1981) with f r e shw a te r  sediments 
s e rv ing  as a phosphorus s ink  through anion exchange (Klopatek,  1974). 
Phosphorus anion exchange c ap a c i ty  i s ,  in  t u r n ,  determined by th e  chemis try 
o f  submerged, anoxic sediments .  In submerged sediments t h e r e  i s  an inc rease  
in s o l i d  m a te r i a l s  t h a t  r e a c t  with  phosphorus with  phosphorus movement 
depependent on ph, redox p o t e n t i a l ,  and iron  l e v e l s  (Klopatek,  1974).
Release o f  phosphorus i s  t h e r e f o r e  due to  the  c ap a c i ty  o f  reduced i ron  
hydroxides t o  sorb and r e l e a s e  phosphate ,  with adsorp t ion  to  f e r r i c  
hydroxides r e s u l t i n g  in the  immobil ization r a t h e r  than p r e c i p i t a t i o n  
(P a t r i c k  and Khal id,  1974).  Khalid e t  a l .  (1977) demonstrated th e  
importance o f  phosphate adso rp t ion  in e s t u a r i n e  sediments sugges t ing  t h a t  
t h i s  may be th e  c o n t r o l l i n g  f a c t o r .  Ponnamperuma (1972),  in f a c t ,  r epor ted  
t h a t  up t o  75% o f  t o t a l  sediment phosphorus may be r e t a i n e d  as ino rgan ic  
phosphorus in t h i s  manner. The immobi liza tion o f  phosphorus in t h i s  manner 
e x p la in s ,  a t  l e a s t  in  p a r t ,  th e  high l e v e l s  o f  observed phoshorus in 
f r eshw ate r  sediments (Klopatek,  1975).
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Immobilizat ion and r e l e a s e  o f  phosphorus a re  c o n t r o l l e d  by severa l  
i n t e r a c t i n g  mechanisms. Submergence changes h igh ly  in so lu b le  f e r r i c  
phosphates  t o  th e  more s o lu b le  form (Ponnamperuma, 1972). Will iams e t  a l .
+?(1971) demonstrated t h a t  under anaerobic  co n d i t io n s  more iron in  th e  Fe 
s t a t e  i s  in s o l u t i o n ,  with phosphate adsorbed onto a i ron  complex exchanging 
f r e e l y  with s o lu t io n  ( in  P a t r i c k  and Khalid ,  1974). This due t o  the
i p
reduc t ion  o f  f e r r i c  hydroxides t o  so lu b le  Fe which i s  l e s s  e f f i c i e n t  a t  
adsorbing phosphate (Emerson, 1976; in  Krom and Berner,  1981). Therefore ,  
in anaerobic  sediments,  such as those o f  P e l t a n d r a . la ck  o f  oxygen r e s u l t s  
in in c reased  l e v e l s  o f  d i s so lv e d  or thophosphate .  Phosphate i s  a l s o  r e leased  
to  s o lu t io n  as sediments pass through a redox boundary and iron  hydroxides 
are  conver ted t o  FeS and FeS2 (Krom and Berner,  1980), i l l u s t r a t i n g  the  ro l e
of  s u l f a t e s ,  which were observed in Pe l tandra  sediments a t  lower depths ,  in 
r e g u la t i n g  phosphate l e v e l s .  Anaerobic sediment organic  m a t te r  a l so  control  
sediment phosphorus l e v e l s .  Organic r i c h  sediments produce d is so lved  
phosphate which accumulates in pore w ater  and may d i f f u s e  ou t ,  adsorb onto 
sediments,  o r  p r e c i p i t a t e  out in  d i s c r e t e  mineral  phases (Krom and Berner,  
1981).  Krom and Berner demonst rated t h a t  a l a rg e  p ropor t ion  of  d i s so lv e  
phosphate in the  top  10 cm, or  b io tu r b a t io n  zone, i s  provided by the  r e l e a s e  
o f  adsorbed phosphate du r ing  reduc t ion  o f  f e r r i c  hydroxides while below t h i s  
zone phosphate i s  r e l e a s e d  s o l e l y  through th e  decomposit ion o f  organic  
m a t te r .  Levels o f  sediment phosphorus may a l s o  be the  r e s u l t  o f  r e l e a s e  to 
over ly ing  wate rs  when water-sediment g r a d i e n t s  a re  s u f f i c i e n t  ( P a t r i c k  and 
Khalid,  1974) although t h i s  f lu x  may be minimal due to  th e  a dso rp t ive  
cap ac i ty  o f  sediments.  Conversely,  adso rp t ion  to  c lay  p a r t i c l e s  in
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over ly ing  w a te r s ,  followed by d e p o s i t io n  on the  sediment s u r f a c e  and 
subsequent sed im enta t ion  c o n t r ib u te  to  h igher  sediment phosphorus l e v e l s  
(Brock e t  a l . ,  1983).  The a b i l i t y  o f  anaerobic  sediments t o  main ta in  
phosphorus in pore water  and adsorbed onto sediments led  Klopatek (1975) to 
sugges t  t h a t  f r eshw ate r  wetlands may have evolved r e t e n t i v e  mechanisms fo r  
r e t a i n i n g  t h i s  o f ten  l i m i t i n g  n u t r i e n t .  These r e t e n t i v e  mechanisms may 
involve t i s s u e  s to ra g e  as well as sediment chemistry ,  slowing th e  f lu x  o f  
phosphorus outwards (Klive-Howard Will iams, 1985).  This r e s u l t s  in apparent 
" luxury" accumulation o f  phosphorus which may serve  as a b u f f e r  t o  changes 
in an sediment chemistry .
Inorgan ic  phosphorus in th e  sediments o f  P e l tand ra  were r e l a t i v e l y  high 
throughout the  sampling per iod  sugges ting  t h a t  a d so r t io n  i s  high as well as 
immobil iza tion with  f e r r i c  hydroxides ,  main ta in ing  high l e v e l s  o f  a v a i l a b l e  
phosphorus.  Inorganic  l e v e l s ,  r epor ted  as the  sum t o t a l  f o r  a l l  sediment 
l a y e r s  to  one meter,  demonstrated a p a t t e r n  o f  decrease  during pe r iods  o f  
inc reased  t o t a l  phosphorus l e v e l s  and maximum shoot p r o d u c t iv i t y  sugges ting 
t h a t  orthophosphate  may be incorpora ted  in to  organic  m a t te r  o r  taken up by 
t h e  r o o t s .  Inorganic  phosphorus inc reased  as t o t a l  phosphorus decreasd  and 
fo llowing shoot dieback po ss ib ly  as a r e s u l t  o f  decomposit ion o f  organ ic  
m a t te r  and d e t r i t u s .  Walker (1981) r e p o r t e d  s i g n i f i c a n t l y  lower l e v e l s  of  
Bray P- l  ino rgan ic  phosphorus s tanding  s tocks  in Pe l tandra  sediments  while 
Klopatek (1975) rep o r ted  s im i l a r  high l e v e l s  of ino rgan ic  phosphorus in
thensediments  o f  Scirpus  f l u v i a t i l i s  reaching 12.1 g/m in  th e  top 30 cm.. 
Total  phosphorus l e v e l s  were a l so  r e l a t i v e l y  high th roughout  th e  sampling 
period sugges t ing  phosphorus i s  a lso  r e t a in e d  in f r e sh w a te r  sediments 
through in co rp o ra t io n  in to  organic  m a t te r .
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Tissue-Sediment Phosphorus R e la t ionsh ip
Several  au thors  have r e p o r t e d  a p o s i t i v e  c o r r e l a t i o n  between sediment 
and p l a n t  t i s s u e  phosphorus l e v e l s  (G e r lo f f  and Kromholtz,  1966; Gosset  and 
N o r r i s ,  1971; Klopatek,  1978) whi le  o th e r s  (Boyd and V ickers ,  1971; Walker, 
1981) have re p o r te d  weak o r  i n s i g n i f i c a n t  c o r r e l a t i o n s .  While i t  i s  
expected t h a t  annuals ,  which r e l y  on de novo r o o t  uptake t o  supply 
phosphorus t o  p l a n t  t i s s u e s ,  should demonst rate  a s t rong  c o r r e l a t i o n  with 
sediment phosphorus l e v e l s ,  p e re n n ia l s  with ex ten s iv e  rhizome s to rag e  
c a p a c i ty  a re  a p p a ren t ly  l e s s  dependent on sediment phosphorus l e v e l s  due to  
r e a l l o c a t i o n  from rhizomes.  By r e ly in g  more on r e a l l o c a t i o n  than de novo 
ro o t  uptake,  p e re n n ia l s  l i k e  Pe l tandra  a re  l e s s  dependant on sediment 
phosphorus l e v e l s  and expend l e s s  energy on ro o t  uptake dur ing  pe r iods  o f  
peak shoot and r o o t  p r o d u c t iv i t y .  In t h i s  way, Pe l tandra  maximizes 
pho tosyn tha te  p roduc t ion  whi le  main ta in ing  s t a b i l i t y  in a harsh environment.
In t h i s  s tudy ,  weak or  i n s i g n i f i c a n t  c o r r e l a t i o n s  were observed between 
Pe l tan d ra  t i s s u e s  and sediment phosphorus.  Unlike n i t r o g e n ,  which appears 
t o  be the  l i m i t i n g  n u t r i e n t  in P e l tand ra  sediments ,  sediment inorgan ic  
phosphorus l e v e l s  are  r e l a t i v e l y  high and appear capable  o f  support ing  
seasonal  p a t t e r n s  o f  biomass p r o d u c t iv i t y .  As s i g n i f i c a n t l y  high l e v e l s  of  
phosphorus are  r e a d i l y  a v a i l a b l e ,  i t  seems u n l ik e ly  t h a t  Pe l tan d ra  t i s s u e s  
a re  independent o f  sediment phosphorus l e v e l s  based on a v a i l a b i l i t y  but 
r a t h e r  on energy demands o f  shoot biomass.  I t  would seem e n e r g e t i c a l l y  
i n e f f i c i e n t  f o r  P e l tand ra  t o  i n v e s t  s i g n i f i c a n t  l e v e l s  o f  phosphorus in to  
th e  ATP l e v e l s  r e q u i r e d  f o r  uptake during  pe r iods  o f  peak shoot 
p r o d u c t i v i t y ,  a t ime a t  which phosphorus i s  r e q u i re d  a t  high l e v e l s  to  
support  carbon a s s i m i l a t i o n .  As w i l l  be demonst rated in t h e  phosphorus
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model, P e l tan d ra  appears  capable  o f  support ing  shoot and ro o t  p r o d u c t iv i t y  
through r e a l l o c a t i o n  o f  s to red  rhizome phosphorus which may exp la in  the  
independence o f  P e l tand ra  t i s s u e s  on sediment phosphorus l e v e l s .
Phosphorus Model
Although th e  Pe l tandra  phosphorus model must be i n t e r p r e t e d  on a 
q u a l i t a t i v e  b a s i s ,  th e  q u a n t i t a t i v e  assessment o f  annual phosphorus s tanding  
s tocks  and compartmental f lu x e s  provide i n s i g h t  in to  uptake,  a s s i m i l a t i o n ,  
r e a l l o c a t i o n ,  and s to rag e  o f  phosphorus.  Despite  the  in format ion  provided 
by modelling annual compartmental phosphorus f lu x e s ,  r e l a t i v e l y  few models 
f o r  t i d a l  f r e sh w a te r  macrophytes a re  a v a i l a b l e .  Models which a re  a v a i l a b l e  
demonst ra te  impact o f  the  macrophyte community on r e g u l a t i n g  phosphorus 
f luxes  (Klopatek,  1975; Richardson e t  a ! . ,  1978; Prentk i  e t  a l . ,  1978; 
Walker, 1981; K i s t r i t z  e t  a l . ,  1983; Heckman, 1986).
The annual uptake o f  6.24 g/m^ by P e l tand ra  shoo ts  i s  approximately
th re e  t imes  t h a t  rep o r ted  by Walker (1981) by shoots  o f  Pe l tandra  and th r e e
times t h a t  of  1 .9  g/m by shoots  o f  Carex (Bernard and Sol sky, 1977).
sediments .  Prentk i  e t  a l .  (1983) e s t im ated  annual shoot uptake a t  3 .2  g/m2* 
Tvoha l a t i f o l i a  while  Klopatek (1975) r epo r ted  annual phosphorus uptake a t
3.77  g/m^ in a Sc i rpus  f l u v i a t i l i s  s tand .  Richardson e t  a l .  (1978)
es t im ated  aboveground uptake a t  1.7 g/m / y e a r  in l e a t h e r l e a f  and bog b i rch  
v e g e t a t i o n .  Shoot uptake,  then ,  appears t o  be sp ec ie s  dependant with  l e v e l s  
o f  shoot uptake dependent on p r o d u c t iv i t y  and sediment a v a i l a b i l i t y .  
Phosphorus uptake by P e l tand ra  shoots  i l l u s t r a t e s  th e  r o l e  o f  seasonal shoot 
p r o d u c t i v i t y  in t h e  temporary s to ra g e ,  use in  pho tosyn tha te  p roduc t ion ,  and
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p o t e n t i a l  a v a i l a b i l i t y  to  leach ing  and d e t r i t u s .  As p rev io u s ly  d iscussed ,  
shoot phosphorus leach ing  was r e l a t i v e l y  i n s i g n i f i c a n t  due t o  th e  l ack  o f  
t i d a l  cover dur ing  pe r iods  o f  peak shoot biomass and th e  f a c t  t h a t  
phosphorus may be inco rpo r taed  in to  compounds not r e a d i l y  leached from the  
l e av es ,  Klopatek {1975) r e p o r te d  s i g n i f i c a n t l y  h igher  annual leach ing  r a t e s
o f  2.20 g/m** from the  shoots  o f  Scirpus  f l u v i a t i l i s  as  d id  K i s t r i t z  e t  a l .
(1983) o f  0.89 g/m from shoots  o f  Carex.
Annual phosphorus f lu x es  to  d e t r i t u s  o f  3 .38 g/m re p re s e n t  a 
s i g n i f i c a n t  f l u x  t o  th e  environment. As decomposit ion r a t e s  o f  Pe l tandra  
a re  rap id  {Odum and Heywood, 1978), d e t r i t a l  l o s s e s  r e s u l t  in seasonal 
phosphorus p u lses  t o  both sediments and a d jac e n t  w a te r s .  Klopatek (1975)
re p o r te d  lower l e v e l s  o f  d e t r i t a l  phosphorus l o s s  a t  1.13 g/m / y e a r  in
Scirpus  while Walker (1981) es t im ated  lo s s e s  to  d e t r i t u s  in Pe l tandra  as
approximately equal to  shoot up take.  Conservat ion o f  phosphorus through
t r a n s l o c a t i o n  a t  senescence was r e l a t i v e l y  high a t  44% and suppor ts
Klopatek’ s (1978) con ten t ion  t h a t  wetlands have evolved mechanisms f o r
r e t a i n i n g  phosphorus w i th in  i t ’s boundar ie s .  Through t r a n l o c a t i o n  Pe l tandra
r e p l e n i sh e s  rhizome phosphorus su p p l ie s  throughout the  growing season which
may be used t o  support  new shoot r e c ru i tm en t ,  rhizome metabolic
requ irem ents ,  and asynchronous ro o t  growth. In a d d i t i o n ,  conserva t ion  of
phosphorus through t r a n s l o c a t i o n  provides  phosphorus fo r  s to rag e  and
a v a i l a b i l i t y  f o r  sp r ing  p r o d u c t iv i t y .  Klopatek (1975) r epo r ted
o
s i g n i f i c a n t l y  lower t r a n s l o c a t i o n  r a t e s  in Scirpus  o f  0.44 g/m , or  11% of  
annual shoot up take,  whi le  Prentk i  e t  a l .  (1983) e s t im ated  t r a n s l o c a t i o n  
from th e  shoots  a t  23% o f  peak shoot s tand ing  s to ck .  K i s t r i t z  e t  a l .  (1983)
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es t im a ted  t r a n s l o c a t i o n  a t  s l i g h t l y  h igher  r a t e s  account ing f o r  
approximate ly  50% o f  annual shoot uptake.
Annual f l u x  from th e  ro o t s  t o  th e  rhizomes approximates annual roo t  
uptake and as such demonst ra tes  t h a t  the  ro o ts  serve mainly as a condui t  f o r  
phosphorus re supp ly  f o r  t h e  rhizomes r a t h e r  than a s to ra g e  mechanism. Walker
(1981) rep o r ted  s i m i l a r  annual phosphorus f lu x e s  o f  8 .03 -8 .12  g/m2 in
P e l t a n d r a . Losses to  th e  environment from ro o t  d ieback may be overes t im ated
as t r a n s l o c a t i o n  to  the  rhizomes a t  senescence was not e s t im ated .
S im i la r ly ,  as t h e  decomposit ion o f  ro o t s  i s  r e l a t i v e l y  slow (Hackney and de
l a  Cruz,  1980; Good e t  a l . ,  1982) the  l o s s e s ,  based on th e  assumption of
s teady  s t a t e  may a c t u a l l y  occur over an extended pe r iod  o f  t ime.  The
o
t r a n s f e r  o f  4 .76 g/m from th e  rhizomes t o  the  ro o ts  r e p re se n t s  a 
s i g n i f i c a n t  in p u t  o f  phsophorus in ro o t  p r o d u c t iv i t y  most o f  which i s  
incorpora ted  i n to  c e l l  w a l l s  and ATP re q u i r e d  f o r  ro o t  uptake.  Annual
uptake o f  8.61 g/m from th e  sediments r e p re s e n t s  a s i g n i f i c a n t  removal from 
the  sediments most o f  which i s  assumed to  be t r a n s l o c a t e d  to  the  rhizomes.  
This assumption i s  supported by the  f e a t  t h a t  uptake by newly developed 
roo ts  i s  passed on through o ld e r  ro o ts  to  th e  t r a n s p i r a t i o n a l  s tream to  the  
rhizomes or shoots  ( B ie le sk i ,  1973). Klopatek (1975) repo r ted  lower uptake
r a t e s  by Scirpus  a t  5.33 g/m / y e a r .
Nitrogen-Phosphorus R e la t ionsh ip
C o r re la t io n  a n a ly s i s  o f  t i s s u e  n i t rogen  and phosphorus l e v e l s  o f  
Pe l tandra  i n d ic a ted  a s t ro n g  s tanding  s tock  r e l a t i o n s h i p  between t h e s e  
n u t r i e n t s .  The s i g n i f i c a n t  c o r r e l a t i o n s  sugges t  an i n t e r a c t i o n  between
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n i t ro g en  and phosphorus as they are  cycled through the  sh o o ts ,  r o o t s ,  and 
rhizomes.  I t  would appear t h a t  Pe l tandra  biomass r e q u i r e s  n i t r o g en  and 
phosphorus in c e r t a i n  p ropor t ions  f o r  metabolic  and growth p rocesses  and 
t h e r e f o r e  r e a l l o c a t i o n  o f  th e se  n u t r i e n t s  occurs  in  r e l a t i v e  p ro p o r t io n s  to 
demand. The b e s t  exp lana t ion  may be t h a t  n i t ro g en  and phosphorus are  
r e q u i re d  in c e r t a i n  p ropo r t ions  c h l o r o p l a s t ,  energy, and c e l l  wall  sy n th es i s  
during ind iv idua l  phases o f  p la n t  development. Microbial  and chemical 
p rocesses  which main ta in  n i t ro g en  and phosphorus in  a dynamic s t a t e  b e s t  
exp la in  th e  weak o r  i n s i g n i f i c a n t  c o r r e l a t i o n  between th e se  n u t r i e n t s  in  the 
sediments .
Shaver and M e l l i lo  (1984) suggested  t h a t  n i t ro g en  and phosphorus uptake 
a re  r e l a t e d  in macrophytes with each sp ec ie s  having an "optimum" N:P r a t i o .  
Shaver and M e l i l lo  demonstrated t h a t  t i s s u e  n i t ro g en  l e v e l s  inc reased  with 
i n c re a s in g  n i t ro g en  and phosphorus a v a i l a b i l i t y  sugges t ing  t h a t  t h e r e  i s  a 
l i m i t  to  t h e  luxury  uptake o f  one element when the  o th e r  i s  l i m i t i n g .  In 
a d d i t i o n ,  N:P r a t i o s  were c o r r e l a t e d  with a v a i l a b l e  N:P r a t i o s  i n d i c a t i n g  
t h a t  n i t rogen  and phosphorus uptake were not independent o f  each o th e r .  The 
au thors  sugges t  t h a t  due t o  t h i s  i n t e r a c t i o n ,  when n i t ro g en  and phosphorus 
a r e  a v a i l a b l e  in extreme r a t i o s ,  uptake r e s u l t s  in even more extreme 
sediment r a t i o s .  The tendency of  n i t rogen  and phosphorus to  converge on 
some "optimum" r a t i o ,  on th e  o th e r  hand, would r e s u l t  in  a p l a n t  t i s s u e  N:P 
r a t i o  t h a t  was l e s s  extreme.
Following a sharp decrease  between March and A p r i l ,  shoot N:P r a t i o s  
inc reased  s t e a d i l y  between April  and peak shoot s tand ing  s tocks  in Ju ly .
This observa t ion  sugges ts  t h a t  in March n i t rogen  i s  i n i t i a l l y  r e a l l o c a t e d  
from the  rhizomes p ro p o r t i o n a l ly  h igher  than phosphorus.  Higher N:P r a t i o s
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in March and between April  and J u ly ,  co inc ide  with dec rea s ing  N:P r a t i o s  in 
t h e  rhizomes suppor t ing  th e  observa t ion  t h a t  n i t r o g en  i s  being r e a l l o c a t e d  
to  th e  shoots  p r o p o r t i o n a l ly  h igher  than phosphorus.  Conversely,  between 
March and Apri l  phosphorus i s  r e a l l o c a t e d  p r o p o r t i o n a l ly  h ighe r  than 
n i t r o g e n .  Between April  and J u ly ,  however, n i t ro g en  s tand ing  s tocks  a re  
in c re a s in g  a t  a r a t e  g r e a t e r  than phosphorus, r e s u l t i n g  in inc reased  N:P 
r a t i o s .  This p a t t e r n  o f  N:P r a t i o s  sugges ts  t h a t  e i t h e r  shoot r a t i o s  are  
converging on an "optimum" r a t i o  a t  peak biomass (Shaver and M e l i l lo ,  1984) 
o r  t h a t  each phase o f  shoot  development r e q u i r e s  n i t rogen  and phosphorus in 
c e r t a i n  p ro p o r t io n s  f o r  maximum photosyn tha te  product ion .
The inc reased  l e v e l s  o f  shoot n i t ro g en  in r e l a t i o n s h i p  to  phosphorus 
i n d i c a t e  t h a t  shoots  r e q u i r e  s i g n i f i c a n t l y  h ighe r  l e v e l s  o f  n i t ro g en  to  meet 
p h o to sy n th e t ic  demands than phosphorus.  Rhizome N:P r a t i o s ,  decreas ing  from 
a peak N:P r a t i o  in  January ,  reach an apparen t  one to  one, o r  "optimum", 
r a t i o  in J u l y  as a r e s u l t  o f  n i t rogen  r e a l l o c a t i o n  p a t t e r n s  demonstrating  
th e  a b i l i t y  o f  rhizome t o  s t o r e  s i g n i f i c a n t  l e v e l s  o f  n i t ro g en  in r e l a t i o n  
to  phosphorus in the  w in te r .  The decrease  in  shoot N:P r a t i o s  between Ju ly  
and August sugges t  t h a t  n i t rogen  i s  t r a n s l o c a t e d  from the  shoots  
p r o p o r t i o n a l ly  h igher  than phosphorus, exp la ing  the  inc reased  rhizome N:P 
r a t i o s  fo l lowing  shoot senescence.  Increased  rhizome N:P r a t i o s  between 
August and December may a l so  be the  r e s u l t  o f  ro o t  uptake o f  p ro p o r t i o n a l ly  
h igher  l e v e l s  o f  n i t ro g en  a t  t h i s  t ime.  Root N:P r a t i o s  decreased  between 
J u ly  and August a t  th e  onse t  o f  ro o t  p ro d u c tv i ty  sugges t ing  t h a t ,  l i k e  
shoots ,  r o o t s  i n i t i a l l y  accumulate n i t rogen  in  h igher  p ropo r t ions  than 
phosphorus.  Root N:P r a t i o s  remained r e l a t i v e l y  c o n s ta n t  through th e  growth 
per iod  demonstrat ing  th e  r o l e  o f  ro o t  as a condui t  r a t h e r  than  a s to rage
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organ. Decreasing ro o t  N:P r a t i o s  dur ing  ro o t  d ieback suges t  t h a t  n i t ro g en  
may be conserved a t  a h igher  r a t e  than phosphorus through t r a n s l o c a t i o n  
a lthough in c re a se s  in rhizome N:P r a t i o s  were not observed a t  t h i s  t ime. 
These obse rv a t io n s  sugges t  an i n t e r a c t i o n  between n i t ro g en  and phosphorus 
with i n t e r n a l  cyc l ing  s t r a t e g i e s  de te rmin ing  optimum N:P r a t i o s .
Inorgan ic  sediment N:P r a t i o s ,  as expected,  were extremely low 
suppor t ing  th e  observa t ion  t h a t  ino rgan ic  n i t rogen  i s  main ta ined  a t  low 
l e v e l s  w i th in  Pe l tandra  sediments  and m in e r a l i z a t i o n  o f  o rgan ic  m a t te r  i s  
r e q u i re d  to  provide  s u f f i c i e n t  l e v e l s  r equ i red  f o r  macrophyte p r o d u c t iv i t y .  
Decomposition o f  organ ic  n i t ro g en  in r e l a t i o n s h i p  to  o rgan ic  phosphorus i s  
demonstrated in the  seasonal p a t t e r n s  o f  t o t a l  N:P r a t i o s  which decrease  
dur ing  pe r iods  o f  m in e r a l i z a t i o n .  There i s  apparen t ly  no "optimum’1 N: P 
r a t i o  in the  sediments due to  th e  co n s tan t  seasonal  cy c l in g  o f  n i t rogen  and 
phosphorus through decomposit ion and chemical p rocesses .
Spartina cvnosuroides
Aboveground P r o d u c t iv i ty
Seasonal p a t t e r n s  o f  shoot s tanding  s tocks  were s i m i l a r  to  those  
p rev io u s ly  observed f o r  Sp a r t in a  cvnosuro ides . i n c re a s in g  from a low o f  1.16
g/m2 in  March to  a high o f  2462.07 g/m2 in September. Hopkinson (1984)
p
observed a s i g n i f i c a n t l y  lower September peak s tand ing  s tock  o f  1234 g/m as
p
did Hopkinson e t  a l . (1978) o f  808 g/m . Peak shoot s tand ing  s tocks  in t h i s
p
s tudy were,  however, s i m i l a r  to  t h a t  o f  2190 g/m re p o r t e d  by de l a  Cruz
(1974) and approximates th e  mean peak s tanding  s tock  o f  2311 g/m2 f o r  
S p a r t in a  in  t i d a l  wetlands w i th in  th e  Middle A t l a n t i c  Coastal  Region 
(Whigham e t  a l . ,  1978). Apparent d i s c rep a n c ie s  in th e se  e s t im a te s  a re  most 
l i k e l y  the  r e s u l t  o f  community s t r u c t u r e ,  l o c a t i o n ,  and sampling technique.
M o r ta l i ty  was not de tec ted  in t h i s  s tudy, however previous  p ro d u c t iv i ty  
e s t im a te s  have r e s u l t e d  in a v a r i e t y  o f  tu rnover  r a t e s  f o r  S p a r t i n a . 
inc lud ing  3 .0  (L inhurs t  and Reimold, 1978), 2.49 (Schubauer and Hopkinson, 
1978) and 1.6 (Hopkinson e t  a l . ,  1978), a l l  e s t im ated  by d iv id in g  annual 
p r o d u c t i v i t y  by peak biomass.  As such, the  c a l c u l a t i o n  o f  annual 
p r o d u c t i v i t y ,  e s t im ated  from th e  summation o f  p o s i t i v e  monthly changes 
(Milner and Hughes, 1968), may r e p re se n t  an underes t im ate  o f  ac tua l  
p r o d u c t iv i t y  (Mathews and Westlake,  1969; Whigham e t  a l . ,  1978).  Moreover, 
p r o d u c t iv i t y  e s t im a te s  do not account f o r  r e s p i r a t o r y  l o s s e s  or
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t r a n s l o c a t i o n  o f  organic  m a t te r  (Brinson e t  a l . ,  1981).  Summation of  
p o s i t i v e  changes in monthly biomass samples,  assuming no s t a t i s t i c a l  
d i f f e r e n c e s  in  June and J u l y ,  r e s u l t e d  in  an annual p r o d u c t i v i t y  o f  2462.84
g/m . Annual shoot p r o d u c t iv i t y  in t h i s  study was lower than  th e  e s t im ate  
2
o f  3080 g/m , based on an annual tu rnover  o f  2 .49 ,  r e p o r te d  by Schubauer and
Hopkinson (1984) but h ighe r  than t h a t  o f  1355 g/m**, based on an annual 
tu rn o v e r  r a t e  o f  1 .6 ,  r epo r ted  by Hopkinson e t  a l .  (1978).  Annual shoot 
p r o d u c t iv i t y  in t h i s  s tudy i s ,  however, s i m i l a r  t o  th e  e s t im a te  o f  de l a  
Cruz (1974),  which was based on th e  Milner and Hughes method. Annual shoot 
p r o d u c t i v i t y  in the  p re sen t  s tudy i s  s i g n i f i c a n t l y  h igher  than th e  mean 
2
value  o f  1035 g/m / y e a r  in the  Middle A t l a n t i c  Coastal  Region (Whigham e t  
a l . ,  1978) which may be a t t r i b u t a b l e  to  th e  dense ,  monotypic s tands  sampled 
a t  Sweethall Marsh.
Shoot growth p a t t e r n s  o f  So a r t in a  cvnosuroides  a re  b e s t  exp la ined  in 
terms o f  d a i l y  growth r a t e s .  Assuming March 1 as the  beginning o f  the
growing season, S p a r t in a  shoot biomass inc reased  a t  a r a t e  o f  2 .38 g/m2/day
between March and May. Daily growth r a t e s  then increased  to  17.99 g/m2
between May and June and 17.78 g/m between Ju ly  and August. Seasonal shoot 
growth s t r a t e g i e s  ap p aren t ly  inc lude  an i n i t i a l  lag  phase between March and 
May, and a second lag  phase between June and J u ly ,  each followed by a period 
o f  rap id  shoot development. Birch and Cooley (1982) observed a s i m i l a r  lag 
phase in Z izan ioos i s  as d id  Mason and Bryant (1975) in Phraomites . S im ila r  
p a t t e r n s  o f  shoot p r o d u c t iv i t y  were a lso  observed by L inhurs t  and Reimold
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(1978) ,  however Schubauer and Hopkinson (1984) observed no apparen t  lag  
phase in shoot p r o d u c t iv i t y  o f  S p a r t i n a .
The e a r l y  lag  phase ,  followed by pe r io d s  o f  r a p id  shoot growth, are  
g e n e r a l ly  observed in macrophytes with ex tens ive  rhizome s to ra g e  components. 
As p rev io u s ly  d i s cu s s se d ,  th e  l a g  phase appa ren t ly  allows f o r  breakdown of  
"complex" n i t r o g e n  and phosphorus compounds in  th e  rhizomes (Walker, 1981) 
and r e a l l o c a t i o n  to  developing shoot bases  in co n ce n t ra t io n s  h ighe r  than 
requ i red  t o  support  b a s i c  metabolic  p ro ce sses .  Uptake o f  n i t ro g en  and 
phosphorus in  excess o f  demand dur ing  th e  i n i t i a l  l a g  phase in shoot 
p r o d u c t iv i t y  provides  S pa r t ina  with n u t r i e n t  l e v e l s  necessa ry  to  suppor t  the  
subsequent r a p id  growth phase.  S pa r t ina  appa ren t ly  uses th e  i n i t i a l  rap id  
growth phase t o  reach he igh ts  t h a t  e f f e c t i v e l y  avoid shading by o th e r  
macrophytes while  p rovid ing  photosyn tha te  product ion  through inc reased  
exposure to  s u n l i g h t .  The second lag  phase in shoot p ro d u c t iv i t y  may 
r e p r e se n t  t h e  t ime r e q u i re d  f o r  a d d i t io n a l  accumulation o f  n i t ro g en  and 
phosphorus as a r e s u l t  o f  de novo roo t  uptake while r e a l l o c a t i n g  
photosyntha te  f o r  th e  support  o f  developing roo ts  and rhizomes.  The 
subsequent pe r iod  o f  r ap id  shoot p r o d u c t i v i t y ,  which produces shoots  o f ten  
exceeding e i g h t  f e e t ,  provides  l e a f  su r fa ce  area with  maximum exposure to  
su n l ig h t  and production o f  photosyntha te  a t  l e v e l s  necessa ry  t o  support  
shoot as well  as ro o t  and rhizome r e s p i r a t i o n  demands. Rapid dieback 
r e s u l t s  in maximum l e v e l s  of  conse rva t ion  o f  n i t ro g en  and phosphorus through 
t r a n s l o c a t i o n  to  the  rhizomes.  Shoot growth s t r a t e g i e s ,  t h e r e f o r e ,  he lp  
Spa r t ina  avoid compet it ion  from o th e r  macrophytes through maximum l e v e l s  of  
p r o d u c t iv i t y  while a l l o c a t i n g  s u f f i c i e n t  l e v e l s  o f  energy to  th e  r o o t s  and 
rhizomes,  which in t u r n ,  in c re a se  s t a b i l i t y  wi th in  t h e  environment.
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Belowground P r o d u c t iv i ty
In t h i s  s tudy ,  S p a r t in a  rhizome s tand ing  s tocks  inc reased  from 1075
2 2 g/m in  May to  3142.18 g/m in February.  Net annual rhizome p r o d u c t i v i t y
was e s t im a ted  by grouping s i m i l a r  monthly rhizome s tand ing  s to c k s ,  based on
m u l t ip l e  comparisons,  and then summing p o s i t i v e  changes in monthly s tanding
s to c k s .  Using th e  mean o f  s t a t i s t i c a l l y  s i m i l a r  months e l im in a te s  some
l e v e l s  o f  b ia s  inco rpo ra ted  in to  a maximum - minimum c a l c u l a t i o n  (Hackney
and de l a  Cruz, 1986). This approach r e s u l t e d  in two pe r iods  o f  rhizome
p r o d u c t i v i t y  which were summed to  g ive  an annual rhizome p r o d u c t i v i t y  o f
1875.88 g/m . Schubauer and Hopkinson (1984) r e p o r te d  s i m i l a r  p a t t e r n s  of
S p a r t i n a  rhizome s tand ing  s tocks  in c reas in g  from a May leve l  o f  750 g/m2 to
2
a peak o f  2750 g/m in February.
Mainta ining ex ten s iv e  rhizome s tand ing  s tocks  and suppor t ing  annual 
rhizome p r o d u c t i v i t y  under hypoxia r e q u i r e s  a s i g n i f i c a n t  investment o f  
energy and n u t r i e n t s  by Sp a r t in a  (Bloom e t  a l . ,  1985).  This investment,  
however, i s  necessa ry  f o r  severa l  reasons .  F i r s t ,  rhizomes provide  Spa r t ina  
with s to ra g e  c a p a b i l i t y  and s t a b i l i t y .  Second, as dead shoots  remain 
a t t a ch ed  th roughout the  w in te r ,  annual rhizome p r o d u c t i v i t y  prov ides  new 
s i t e s  f o r  developing sp r ing  shoots .  As p rev io u s ly  d i s cu s sed ,  rhizomes are  
more t o l e r a n t  t o  hypoxia than roo ts  (Braendle and Crawford,  1987) due t o  the 
well developed aerenchyma t i s s u e  which i s  v e n t i l a t e d  with oxygen by th e  
shoots  (Armstrong, 1979), however rhizomes u s u a l ly  must su rv ive  l a t e  f a l l  
and w in te r  with no oxygen. S pa r t ina  rhizomes,  however, must depend a t  l e a s t  
to  some degree on anaerobic  r e s p i r a t i o n ,  d e s p i t e  th e  f a c t  t h a t  they  
g e n e r a l ly  extend to  a depth o f  only 25-30 cm and, as such, d i f f u s i o n  o f
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oxygen through shoots  to  the  rhizomes may provide  s u f f i c e n t  l e v e l s  o f  oxygen 
which suppor t  some l e v e l s  o f  a e rob ic  r e s p i r a t i o n .  Tolerance o f  S p a r t in a  
rhizomes t o  hypoxia in th e  w in te r  may be exp la ined ,  a t  l e a s t  in  p a r t ,  by the  
access  o f  the  rhizomes t o  oxygen d i f f u s i n g  through s tand ing  dead sh o o ts .  A 
second exp lan a t io n  f o r  rhizome t o l e r a n c e  t o  anoxia may be t h a t  l e v e l s  of  
observed shoot  p r o d u c t iv i t y  a re  capable  o f  producing s u f f i c i e n t  l e v e l s  o f  
pho tosyn tha te  t o  support  anaerobic  r e s p i r a t i o n  in the  form o f  fe rm en ta t ion .  
As ae rob ic  r e s p i r a t i o n  r e q u i r e s  l e s s  photosyntha te  than fe rm en ta t ion ,  
e n e r g e t i c  c o s t s  o f  main ta in ing  an ex ten s iv e  rhizome component through 
aerob ic  r e s p i r a t i o n  i s  e n e r g e t i c a l l y  more e f f i c i e n t  and allows more energy 
t o  be a l l o c a t e d  to  shoot product ion .  Conversely,  dependence on fe rmenta t ion  
r e q u i r e s  a g r e a t e r  energy expendi tu re  by S pa r t ina  and may be used only when 
s u f f i c i e n t  oxygen i s  not a v a i l a b l e .
Annual ro o t  p r o d u c t i v i t y ,  c a l c u l a t e d  in a s i m i l a r  manner, was es t imated
t o  be 2668.40 g/m , i n c re a s in g  from a minimum in  May to  a peak in August, 
a t  which po in t  ro o t  s tand ing  s tocks  remained r e l a t i v e l y  c o n s ta n t  through 
December. Investment o f  energy and n u t r i e n t s  in to  t h i s  level o f  roo t  
p r o d u c t i v i t y  by S p a r t in a  i s  necessa ry ,  however, in t h a t  i t  enab les  Spa r t ina  
t o  t ake  advantage o f  high ammonium l e v e l s  in th e  summer (Chambers, 1977; 
Schubauer and Hopkinson, 1984).  Conversely,  when sediment n u t r i e n t  l e v e l s  
a re  low, inc reased  ro o t  su r face  area provides  S p a r t i n a  with access  to  
n i t ro g en  and phosphorus as th e se  n u t r i e n t s  a re  d e p le t ed  near t h e  roo t  
i n t e r f a c e  (Chapin e t  a l . ,  1987). As w i l l  be demonst ra ted ,  rhizome n i t rogen  
and phosphorus s to ra g e  i s  i n s u f f i c i e n t  t o  support  shoot and ro o t  
p r o d u c t i v i t y .  As a r e s u l t ,  Sp a r t in a  must depend on de novo r o o t  uptake of  
n i t ro g en  and phosphorus to  support  observed l e v e l s  o f  biomass p r o d u c t iv i t y .
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Annual ro o t  p r o d u c t i v i t y  i s  t h e r e f o r e  in a synchronous cy c le  with shoot and 
rhizome p r o d u c t i v i t y  and ap p aren t ly  necessa ry  t o  meet biomass n i t ro g en  and 
phosphorus demands.
Lack o f  oxygen in  t h e  sediments p reven ts  r e s p i r a t o r y  phosphory la t ion  in 
and ATP s y n th e s i s  in r o o t s  o f  S p a r t i n a  cvnosuroides  (apRees e t  a l . ,  1987).
As S p a r t i n a  r o o t s  extend to  a depth o f  50 cm they  have l i t t l e  aerenchymous 
t i s s u e  through which oxygen may d i f f u s e  and must t h e r e f o r e  depend on 
fe rm en ta t ion  f o r  ATP product ion  with to x i c  e thanol d i f f u s i n g  ou t  th e  roo ts  
(Mendelssohn and McKee, 1987). The l e v e l s  o f  pho tosyn tha te  necessa ry  to  
support  ro o t  fe rm en ta t ion  may exp la in  th e  second lag  phase in  shoot 
development as pho tosyn tha te  i s  r e a l l o c a t e d  t o  th e  r o o t s .  Obviously 
S p a r t i n a  shoots  a re  capable  o f  photosyntha te  p roduct ion  necessa ry  to  support  
ro o t  p r o d u c t i v i t y  which,  in t u r n ,  provides  s u f f i c i e n t  l e v e l s  o f  n i t rogen  and 
phosphorus uptake.  S p a r t i n a . however, may be capable  o f  some l e v e l s  
aerob ic  r e s p i r a t i o n  through oxygen d i f f u s i o n  dur ing  pe r iods  o f  shoot growth 
(Breandle and Crawford, 1987). A l loca t ion  o f  energy t o  roo t  p r o d u c t iv i t y  
from shoot biomass must,  t h e r e f o r e ,  r e p re se n t  a t r a d e - o f f  f o r  n u t r i e n t  
a c q u i s i t i o n  in a waterlogged environment.
Summation o f  roo t  and rhizome p r o d u c t iv i t y  r e s u l t e d  in an annual
belowground p r o d u c t i v i t y  o f  4544.28 g/m / y e a r  with  peak belowgrond biomass 
occur r ing  in l a t e  summer and e a r l y  f a l l .  Peak belowground biomass has a lso  
been observed in  August f o r  S p a r t in a  a l t e r n i f l o r a  ( in  Good e t  a l . ,  1982) as 
well as in September f o r  S p a r t i n a  cvnosuroides (Gallagher  and Plumley, 1979; 
Hackney and de l a  Cruz, 1986). Annual belowground p r o d u c t i v i t y  in t h i s  
study was s i g n i f i c a n t l y  h igher  than the  annual belowground p r o d u c t i v i t y  o f
2200 g/m2 (de l a  Cruz and Hackney, 1977) and 3560 g/m2 (Gal lagher  and
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Plumley, 1979) f o r  S p a r t i n a  cvnosuroides ( in  Good e t  a l . ,  1982). Annual
belowground p r o d u c t i v i t y ,  however, approximated t h a t  o f  4628 g/m** es t im ated
f o r  th e  r o o t s  and rhizomes o f  Sp a r t in a  cvnosuroides in  a Georgia co as ta l
marsh using s i m i l a r  sampling techn iques  (Schubauer and Hopkinson, 1984) .
Hackney and de l a  Cruz (1986) es t im ated  belowground p r o d u c t i v i t y  a t  2200
2 9g/m / y e a r  in S p a r t i n a  cvnosuroides  i n c re a s in g  from a low o f  6000 g/m in
p
April  t o  a high o f  8200 g/m in August. As t y p ic a l  belowground p r o d u c t iv i t y
e s t im a te s  range from 1.36 to  2.46 g/m^ in t i d a l  f r e sh w a te r  marshes (Good and 
Good, 1975), belowground p r o d u c t iv i t y  o f  S p a r t in a  must be cons idered  high.
I t  has been suges ted  t h a t  sediment s t r e s s e s  determine l e v e l s  o f  belowground 
p r o d u c t i v i t y  (Shaver and B i l l i n g s ,  1975) which may ex p la in  th e  d i f f e r e n c e s  
in l e v e l s  o f  belowground p r o d u c t iv i t y  observed in t h e se  s t u d i e s .
Total  P r o d u c t iv i ty
Total  annual p r o d u c t iv i t y ,  inc lud ing  above- and belowground, o f  7005.96
2 9g/m approximates t h a t  o f  7708 g/m repor ted  by Schuabauer and Hopkinson
(1984) in d i c a t in g  th e  extremely high p ro d u c t iv i t y  c a p a b i l i t y  o f  S p a r t i n a .
The f a c t  t h a t  belowground p r o d u c t iv i t y  accounts  f o r  approximate ly  65% o f
t o t a l  annual p r o d u c t i v i t y ,  demonst ra tes  the  importance o f  inc lud ing  t h i s
component in annual e s t im a te s  o f  p r o d u c t iv i t y .
Root:shoot (R:S) r a t i o s  r e f l e c t  d i f f e r e n c e s  in sp ec ie s  and h a b i t a t s
with high r a t i o s  g e n e r a l l y  considered  adap t ive  mechanisms to  unfavorab le
s o i l  c ond i t ions  (Good e t  a l . ,  1982). Higher R:S r a t i o s  a re  t h e r e f o r e
expected in deep roo ted  p e re n n ia l s  which must compete f o r  n u t r i e n t s  under
extreme reducing co n d i t io n s  while lower R:S r a t i o s  a re  t y p i c a l  o f  shallow
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roo ted  p e re n n ia l s  which occur in p o r t io n s  o f  the  sediment which a re  not 
always anaerobic  (Whighmam and Simpson, 1978).  In t h i s  s tudy ,  a r e l a t i v e l y  
low peak R:S r a t i o  o f  1.17 and a mean R:S r a t i o  o f  1.43 a re  somewhat 
s u r p r i s i n g  due th e  demand f o r  de novo ro o t  uptake t o  support  peak shoot 
p r o d u c t i v i t y .  A p o s s ib l e  e x p lana t ion  may l i e  in  t h e  e f f i c i e n c y  of  ro o t  
uptake by S pa r t ina  and the  p r o h i b i t i v e  energy c o s t s  o f  m a in ta in ing  a l a r g e r  
ro o t  component. Belowground to  aboveground r a t i o s  (B:A), which inc lude  the  
rhizome component, r e f e c t  t h e  i n t e r a c t i o n  o f  the  ro o t  and rhizome 
compartments in th e  support  o f  aboveground p r o d u c t i v i t y .  A peak B:A o f  2.07 
and mean B:A o f  3 .45 ,  which f a l l  w i th in  th e  range o f  0.55 to  3.64 repor ted  
as ty p i c a l  f o r  t i d a l  f r eshw ate r  macrophytes (Whigham and Simpson, 1978), 
sugges ts  t h a t  S p a r t i n a  in v e s t s  a s i g n i f i c a n t  leve l  o f  energy in main ta in ing  
belowground biomas.
Nit rogen Dynamics
Tissue  Nitrogen Concentra tions
S p a r t i n a  shoot n i t rogen  co n cen t ra t ion  were r e l a t i v e l y  low throughout  
th e  sampling per iod  and drop below th e  c r i t i c a l  leve l  o f  1.3% observed fo r  
most p l a n t s  (G e r lo f f  and Kromholtz, 1966). Lower shoot n i t ro g en  
co n ce n t ra t io n s  may b e s t  be expla ined by the  r e l a t i v e l y  low con cen t ra t io n s  in 
reed p l a n t s  with ex tens ive  c e l l  wall supporting  m a te r ia l  in r e l a t i o n  to  
protoplasm (Boyd, 1978).  The low shoot n i t rogen  c o n c e n t r a t io n s ,  however, 
a re  o f f s e t  by inc reased  biomass p r o d u c t iv i t y  and continued rhizome 
r e a l l o c a t i o n  which, as w i l l  be demonstrated,  appear  s u f f i c e n t l y  high to  
support  req u i red  l e v e l s  o f  carbon a s s i m i l a t i o n .  Shoot n i t rogen
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c o n ce n t ra t io n  decreased  from the  observed peak in March to  a minimum 
observed in August.  As such, peak shoot n i t rogen  c o n ce n t r a t io n s  occurred 
during t h e  lag  phase in  shoot development and decreased  as shoot biomass 
in c re a s e d .  This co n cen t ra t io n  o f  n i t rogen  in e a r l y  developing  shoots  in 
excess  o f  t i s s u e  requirements  has been termed "luxury" uptake by G e r lo f f  and 
Kromholtz (1966).  Since t h e  m a jo r i ty  o f  n i t rogen  in t h e  e a r l y  phases o f  
shoot deveopment are  presumed to  be the  r e s u l t  o f  r e a l l o c a t e d  n i t ro g en  from 
w in te r  rhizome s to r a g e ,  t h e  lag  phase in shoot development may r e p r e s e n t  the  
time req u i red  by Sp a r t in a  rhizomes to  break down "complex" n i t ro g en  s to rage  
compounds f o r  r e a l l o c a t i o n  to  th e  shoots  (Walker, 1981). As approximately 
75% o f  t h e  r e a l l o c a t e d  n i t rogen  in  p l a n t  shoots  i s  a l l o c a t e d  to  c h lo r o p la s t  
development and subsequent pho tosyn thes is  (Chapin e t  a l . ,  1987),  t h e  e a r ly  
"luxury" accumulation o f  n i t rogen  must r e p re s e n t  l e v e l s  necessa ry  to  the  
suppor t  pho tosyn tha te  production requ i red  f o r  r a p id  pe r iods  o f  shoot 
development in  S p a r t i n a . Decreases in shoot n i t ro g en  co n ce n t ra t io n s  a re  due 
to  shoot  e longat ion  and d i l u t i o n  o f  the  n i t ro g en  p re s en t  (Hopkinson and 
Schubauer,  1984) as well  as t r a n s l o c a t i o n  to  t h e  rhizomes in October.  
Seasonal p a t t e r n s  o f  shoot n i t ro g en  c o n ce n t ra t io n s  in S p a r t i n a  cvnosuroides 
were s i m i l a r  to  those  observed in o th e r  aqua t ic  macrophyte spec ie s  inc lud ing  
S p a r t i n a  a l t e r n i f l o r a  (Hopkinson and Schubauer,  1984; P a t r i c k  and Delaune, 
1976); Buresh e t  a l . ,  1980; Gallagher e t  a l . ,  1980) and Phraomites communis 
and Tvoha a u a u s t i f o l i a  (Mason and Bryant,  1975) sugges t ing  th e  e a r ly  
"luxury" accumulation provides  most macrophyte spec ie s  with c e r t a i n  
com pet i t ive  advantages w i th in  a t i d a l  environment.
Sp a r t in a  rhizome n i t r o g en  c o n cen t ra t io n s  followed s i m i l a r  p a t t e r n s  to 
t h a t  o f  t h e  shoo ts ,  dec reas ing  from a high in February to  a low in August.
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Tha sharp  decrease  between February and March i s  b e s t  exp la ined  as th e  
r e a l l o c a t i o n  o f  n i t rogen  to  shoot bases whi le  the  in c re a se  between March and 
May i s  most l i k e l y  th e  r e s u l t  o f  de novo ro o t  uptake.  Between May and 
August,  rhizome co n ce n t ra t io n s  decreased s i g n i f i c a n t l y  as n i t ro g en  i s  
t r a n s f e r r e d  to  both developing shoot and r o o t s .  The inc reased  rhizome 
c o n ce n t r a t io n  between August and December i s  t h e  r e s u l t  of  n i t ro g en  
t r a n s l o c a t e d  to  the  rhizomes during shoot  senescence as well as ro o t  uptake 
a t  t h i s  t ime .  The f a c t  t h a t  Sp a r t in a  rhizome n i t ro g en  c o n ce n t ra t io n s  a re  
well below the  sugges ted c r i t i c a l  level  o f  1.3% (G e r lo f f  and Kromholtz,
1966) demonst ra te  th e  a b i l i t y  o f  th e  rhizomes to  support  an ex tens ive  
biomass and s t o r e  n i t ro g en  a t  low c o n c e n t r a t i o n s .  This may be due to  an 
inc reased  dependence on roo t  uptake t o  supply n i t ro g en  and phosphorus r a t h e r  
than th e  energy c o s t s  o f  s to r in g  th e se  n u t r i e n t s .  S im i la r  p a t t e r n s  were 
repo r ted  in  rhizomes o f  S pa r t ina  cvnosuroides  by Hackney and de l a  Cruz 
(1986) and S p a r t in a  a l t e r n i f l o r a  by Hopkinson and Schubauer (1984).
S p a r t i n a  r o o t  n i t rogen  co n ce n t ra t io n s  inc reased  s i g n i f i c a n t l y  between 
March and May during per iods  o f  minimum ro o t  biomass s tand ing  s to c k s .  The 
e a r l y  c o n ce n t r a t io n s  o f  n i t rogen  a p p a ren t ly  a re  the  r e s u l t  o f  rhizome 
r e a l l o c a t i o n  and may expla in  p a r t  o f  the  s i g n i f i c a n t  decrease  in rhizome 
n i t rogen  c o n ce n t ra t io n  between February and March. As such, th e  n i t rogen  
c o n ce n t ra t io n s  p r i o r  to  ro o t  growth may r e p re s e n t  a "luxury" accumulation 
which i s  r e q u i re d  to  support  the  r ap id  ro o t  growth observed between May and 
August.  Root n i t rogen  con cen t ra t io n s  then decreased and remained r e l a t i v e l y  
co n s tan t  between Ju ly  and October.  Root growth apparen t ly  d i l u t e s  n i t rogen  
c o n ce n t ra t io n s  t o  a " c r i t i c a l "  leve l  req u i red  by th e  r o o t s  to  main ta in  
metabolic  a c t i v i t y .  Constant ro o t  co n ce n t ra t io n s  dur ing  per iods  o f
226
p ro d u c tv i ty  and n u t r i e n t  uptake a re  expected s ince  ro o t s  serve  mainly as a 
condui t  f o r  n i t rogen  r a t h e r  than as a s to ra g e  component. By in v e s t in g  
n i t ro g en  in  ro o t  p r o d u c t i v i t y ,  Sp a r t in a  cvnosuroides  in s u re s  adequate  ro o t  
biomass t o  meet c u r r e n t  n i t ro g en  uptake requirements  as well as  rhizome 
s to ra g e  n i t ro g en  f o r  th e  fo l lowing y ea r .  Hackney and de l a  Cruz (1986) a lso  
rep o r ted  r e l a t i v e l y  s t a b l e  n i t ro g en  c o n ce n t ra t io n s  in the  ro o ts  o f  Spar t ina  
cvnosu ro ides . al though c o n cen t ra t io n s  d id  in c re a se  s l i g h t l y  between August 
and September,  as d id  Hopkinson and Schubauer (1984) in  the  ro o ts  o f  
S p a r t i n a  a l t e r n i f l o r a .
T issue  Nitrogen Standing Stocks
While seasonal  p a t t e r n s  o f  t i s s u e  n i t ro g en  co n ce n t ra t io n s  i l l u s t r a t e  
S p a r t i n a  cy c l in g  s t r a t e g i e s ,  t i s s u e  n i t rogen  s tand ing  s tocks  provide  
in format ion  on th e  q u a n t i t a t i v e  aspec ts  n i t ro g en  c y c l in g .  Shoot n i t rogen  
s tand ing  s tocks  were c o r r e l a t e d  with shoot biomass demonstra t ing  th e  r o l e  of 
biomass in r e g u l a t i n g  s tand ing  s tocks .  Despi te  decreas ing  shoot  n i t rogen  
c o n c e n t r a t i o n s ,  shoot n i t ro g en  s tanding  s tocks  inc reased  between March and 
June.  This sugges ts  t h a t  n i t ro g en  s tanding  s tocks  a re  not simply th e  r e s u l t  
o f  the  d i l u t i o n  o f  e a r ly  luxury  accumulation but r a t h e r  continued 
r e a l l o c a t i o n  from ro o t  up take.  The decrease  in  shoot n i t ro g en  s tand ing  
s tocks  dur ing  th e  second lag  phase in shoot development between June and 
Ju ly  may be th e  r e s u l t  o f  th e  t r a n s l o c a t i o n  o f  n i t ro g en  to  the  rhizomes or 
r e p re se n t  to  metabolic  consumption. Shoot n i t rogen  s tand ing  s tocks  then 
inc reased  to  a peak in September as n i t ro g en  uptake by the  ro o t s  is  
r e a l l o c a t e d  t o  the  shoots .  The energy requirements  o f  biomass production 
l e v e l s  observed in t h i s  study sugges t  t h a t  a l though Sp a r t in a  in co rp o ra te s
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s i g n i f i c a n t  l e v e l s  o f  n i t ro g en  i n to  c e l l  wall suppor t ing  m ate r ia l  (Boyd, 
1978), c h l o r o p l a s t  s y n t h e s i s ,  which a l so  r e q u i r e s  high l e v e l s  o f  n i t r o g en ,  
must a l s o  be s i g n i f i c a n t .  Gallagher  e t  a l .  (1980) and Mason and Bryant
(1975) observed s i m i l a r  p a t t e r n s  with peak n i t ro g en  s tand ing  s tocks  
co in c id in g  with  peak shoot biomass in S pa r t ina  a l t e r n i f l o r a  and Phraomites 
communis, r e s p e c t i v e l y .
Rhizome n i t ro g en  s tanding  s tocks  decreased dur ing  pe r iods  o f  shoot and 
i n i t i a l  ro o t  p r o d u c t iv i t y  and inc reased  dur ing pe r iods  o f  shoot senescence 
and peak ro o t  biomass.  The decrease  i s  assumed to  be th e  r e s u l t  o f  
r e a l l o c a t i o n  to  shoots  and ro o ts  while  in c rease s  a re  assumed to  be the  
r e s u l t  o f  t r a n s l o c a t i o n  and re supply  through r o o t  uptake.  Peak rhizome 
n i t ro g en  s tand ing  s tocks  r e p r e s e n t  s to rage  compounds, which based on a 
mximum - minimum c a l c u l a t i o n ,  a re  i n s u f f i c i e n t  t o  suppor t  l e v e l s  o f  observed 
p r o d u c t i v i t y .  As such, S pa r t ina  biomass production  must depend on 
s i g n i f i c a n t  l e v e l s  o f  de novo ro o t  uptake.  Hopkinson and Schubauer (1984) 
rep o r ted  s i m i l a r  p a t t e r n s  o f  rhizome n i t rogen  s tand ing  s tocks  in S pa r t ina  
a l t e r n i f l o r a  as d id  Mason and Bryant (1975) in Phraomites communis.
Root n i t ro g en  s tand ing  s tocks  co inc ided  with r o o t  bimass s tanding  
s tocks  remaining r e l a t i v e l y  low between February and May and inc reas ing  
between May and September.  The r e l a t i v e l y  small in c re a se  between May and 
J u ly  i s  th e  r e s u l t  o f  d i l u t i o n  o f  h igher  n i t rogen  c o n ce n t r a t io n s  in th e  roo t  
bases .  The l e v e l s  o f  ro o t  n i t ro g en  s tanding  s tocks  dur ing  pe r iods  of  peak 
ro o t  p r o d u c t i v i t y  demonst ra te  a s i g n i f i c a n t  investment o f  n i t rogen  by 
S p a r t i n a  which i s  ap p a ren t ly  necessa ry  f o r  l e v e l s  o f  n u t r i e n t  uptake 
r e q u i r e d .  The r e l a t i v e l y  s t a b l e  n i t ro g en  s tand ing  s tocks  through the  
December demonst rate  the  r o l e  o f  ro o t s  as a condui t  f o r  n u t r i e n t s .  The
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decrease  in n i t ro g en  s tanding  s tocks  dur ing ro o t  dieback are  apparen t ly  l o s t  
t o  th e  sediments although no attempt  was made to  es t im a te  t r a n s l o c a t i o n  to  
the  rhizomes a t  t h i s  t ime.
Tissue  Nitrogen Leaching
Leaching of  n i t rogen  from the  shoots of  Sp a r t in a  cvnosuroides was 
r e l a t i v e l y  low. Low n i t rogen  leaching  r a t e s  a re  most l i k e l y  due to  the  
morphology of  S pa r t ina  shoots  in which s i g n i f i c a n t  l e v e l s  o f  n i t rogen  are  
incorpora ted  in to  c e l l  wall components and th e r e f o r e  not r e a d i l y  leached.
In a d d i t io n ,  t i d a l  cover was i n s u f f i c i e n t  during per iods  o f  peak shoot 
p ro d u c t iv i t y  to  e f f e c t i v e l y  cover the  leaves .  As such, leaching  occurred 
mainly during the  lag  phase in shoot development when n i t rogen  i s  in  the  
i n t e r c e l l u l a r  spaces (Tukey, 1970). Leaching o f  s tanding  dead shoots may 
occur when t i d a l  l e v e l s  a re  high,  however t h i s  f lu x  was not measured. 
Hopkinson and Schubauer (1984) repor ted  s im i l a r  l e v e l s  o f  leaching from the
p
shoots  of  Spar t ina  a l t e r n i f l o r a  a t  0 .7  g/m / y e a r .
Nitrogen Ef f ic iency  Indexes
Nitrogen e f f i c i e n c y  indexes provide in s ig h t  i n to  r e l a t i v e  n i t rogen  
cyc l ing  s t r a t e g i e s  in the  t i s s u e s  o f  Spa r t ina  cvnosuro ides . Although shoot 
n i t rogen  use e f f i c i e n c y ,  which d e f in e s  the  r e l a t i o n s h i p  between biomass and 
n i t ro g en ,  remained r e l a t i v e l y  high throughout the  s tudy, a minimum was 
observed during each of  th e  apparen t lag  phases in shoot p r o d u c t iv i t y .  
Minimum values  are  apparen t ly  the  r e s u l t  o f  increased  r e a l l o c a t i o n  from the 
rhizomes,  r e s u l t i n g  in luxury accumulation,  while h igher  values  in August 
and September, which are  assumed t o  be optimum, r e f l e c t  inc reased  shoot
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biomass in r e l a t i o n  t o  n i t ro g en  l e v e l s .  S p a r t i n a  may have evolved more 
e f f i c i e n t  use o f  n i t ro g en  which r e s u l t s  in  a decreased leve l  o f  energy which 
must be expended on r o o t  uptake.  As n i t ro g en  use e f f i c i e n c y  i s  hypothesized 
to  in c re a se  as n i t r o g e n  a v a i l a b i l i t y  dec reases  (Vitousek,  1982; Shaver and 
M e l i l lo ,  1984), the  inc reased  use e f f i c i e n c y  by Sp a r t in a  r e q u i r e s  l e s s  
investment o f  energy f o r  ro o t  uptake and allows more t o  be inves ted  in 
biomass p roduc t ion .  The a b i l i t y  t o  produce s i g n i f i c a n t  l e v e l s  o f  organic  
m a t te r  per u n i t  o f  n i t r o g e n ,  as  demonst rated by th e  low n i t rogen  
c o n ce n t r a t io n s  and high biomass p r o d u c t iv i t y  o f  S o a r t i n a . r e s u l t  in robus t  
s tands  in a n i t ro g en  l i m i t i n g  environment.  Shaver and M el i l lo  (1984) 
r e p o r te d  s i m i l a r  l e v e l s  o f  n i t ro g en  use e f f i c i e n c y  indexes in Carex. 
C a lam aoros t i s . and Tvpha.
Rhizome use e f f i c i e n c y  was s i g n i f i c a n t l y  h ighe r  than t h a t  o f  th e  shoots 
with peak use e f f i c i e n c y  occurr ing  during pe r iods  o f  maximum r e a l l o c a t i o n  to  
the  shoots  and r o o t s .  Rhizome use e f f i c i e n c y  was g e n e r a l ly  lower p r i o r  to  
the  onset  o f  shoot  development as a r e s u l t  o f  the  s i g n i f i c a n t  l e v e l s  o f  
s to re d  n i t r o g en  compounds. Low use e f f i c i e n c y  demonst ra tes  the  r o l e  of  
rhizomes in the  s to ra g e  of  n i t rogen  whi le  th e  h igher  use e f f i c i e n c y  
demonst ra tes  the  a b i l i t y  o f  rhizomes to  main ta in  ex ten s iv e  biomass a t  low 
n i t rogen  l e v e l s .  Use e f f i c i e n c y  remained r e l a t i v e l y  s t a b l e  during per iods  
of  rhizome p r o d u c t i v i t y  in d i c a t in g  t h a t  n i t ro g en  s tand ing  s tocks  are  
i n c re a s in g  p r o p o r t i o n a l ly  as a r e s u l t  o f  r o o t  uptake and shoot 
t r a n s l o c a t i o n .  Root use e f f i c i e n c y  decreased p r i o r  to  th e  onse t  o f  ro o t  
development ap p aren t ly  due to  the  luxury  accumulation o f  n i t ro g en  a t  roo t  
bases .  Use e f f i c i e n c y  then remained r e l a t i v e l y  co n s tan t  during pe r iods  of  
roo t  growth i n d i c a t in g  a p ropor t iona l  a l l o c a t i o n  o f  n i t rogen  to  biomass and
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t h e  importance o f  ro o t s  as a conduit  f o r  n u t r i e n t  uptake and t r a n s l o c a t i o n  
to  th e  rhizomes.  The s i g n i f i c a n t l y  h igher  use e f f i c i e n c y  in  the  belowground 
s t r u c t u r e s  i n d i c a t e s  t h a t  these  components are  more capable  o f  support ing 
biomass a t  low n i t r o g en  l e v e l s  than  the  shoots  r e s u l t i n g  in  inc reased  
s t a b i l i t y  w i th in  a l i m i t i n g  environment.
Nitrogen recovery  indexes inc reased  between September and November 
i n d i c a t i n g  t h a t  S p a r t i n a  concen t ra te s  t r a n s l o c a t i o n  to  the  rhizomes during a 
r e l a t i v e l y  s h o r t  per iod  o f  d ieback . Shaver and M el i l lo  (1984) repor ted  
s l i g h t l y  lower recovery  indexes in  Carex. Calam aoros t is . and Tvoha with 
s i m i l a r  i n c re a se s  between h a rv e s t s  in Carex and C a lam aoros t i s . Levels of 
recovery  in d i c a t e  t h a t  Spa r t ina  does conserve n i t rogen  through t r a n s l o c a t i o n  
although l e v e l s  a re  probably t i e d  to  rhizome s to rag e  c a p a c i ty .  Lower 
recovery  through t r a n s l o c a t i o n  r e s u l t s  in s i g n i f i c a n t  l e v e l s  of  n i t rogen  
remaining in s tanding  dead shoots  which a re  ev en tu a l ly  l o s t  t o  the  
environment through decomposition and leach ing .
Sediment Nitrogen
Sediment t o t a l  n i t rogen  s tanding  s to ck s  remained high throughout the 
sampling per iod .  Sediment ammonium and n i t r a t e  s tand ing  s to ck s ,  however, 
remained r e l a t i v e l y  low, with ammonium l e v e l s  s i g n i f i c a n t l y  h igher  than 
n i t r a t e s .  As p rev ious ly  d i s cu s sed ,  t h i s  i s  due to  the  f a c t  t h a t  anaerobic  
sediments main ta in  reduced ions in  r e l a t i o n s h i p  to  t h e i r  oxid ized  
c o u n te r p a r t s  (H a r te r ,  1966; in Klopatek,  1978). Although S pa r t ina  inorganic  
sediment n i t ro g en  l e v e l s  a re  r e l a t i v e l y  low, observed biomass product ion 
observed in  t h i s  s tudy sugges t  t h a t  n i t ro g en  may not a c t u a l l y  be l i m i t i n g .  
P a t r i c k  and DeLaune (1976),  exper im en ta l ly  in c reas in g  sediment n i t ro g en ,
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re p o r te d  only a 15% inc rease  in biomass but  a s i g n i f i c a n t  in c re a se  in t i s s u e  
n i t r o g en  in S p a r t i n a  a l t e r n i f l o r a . As a r e s u l t ,  pho tosyn the t ic  c ap a c i ty  may 
in c re a se  with a d d i t io n a l  n i t ro g en ,  however biomass y i e l d  may remain 
c o n s t a n t .
Inorganic  n i t r o g en ,  mainly as ammonium, inc reased  between February and 
May as t o t a l  n i t rogen  decreased .  As ammonium i s  considered  th e  major source
o f  a v a i l a b l e  n i t rogen  and monthly s tand ing  s tocks  appear i n s u f f i c i e n t  to
support  observed l e v e l s  o f  p r o d u c t i v i t y ,  i t  i s  assumed t h a t  m in e ra l i z a t i o n  
between February and May produces th e  observed l e v e l s  o f  ammonium. Release 
through m in e ra l i z a t i o n  i s  t h e r e f o r e  considered  t o  be t h e  major source of 
in o rgan ic  n i t r o g en  in anaerobic  sediments ( P a t r i c k  and DeLaune, 1980;
Walker, 1981; Bowden, 1982). The decrease  in ino rgan ic  n i t ro g en  between May 
and J u ly  as well  as between September and October co inc ides  with  per iods  o f  
rap id  shoot development and i s  assumed to  be the  consequence o f  roo t  uptake 
by S p a r t i n a . Root uptake,  in  tu rn ,  e l e v i a t e s  the  bui ldup o f  sediment 
ammonium (Klopatek,  1974). In a d d i t io n ,  decreased l e v e l s  o f  ammonium may be
expla ined  in terms o f  sediment chemist ry .  As ammonium in  the  ae rob ic
su r face  l a y e r  i s  n i t r i f i e d  a g r a d ie n t  i s  e s t a b l i s h e d  which r e s u l t s  in 
ammonium from the  anaerobic  l a y e r  d i f f u s i n g  to  th e  su r face  ( P a t r i c k  and 
Reddy, 1976).  N i t r a t e  d i f f u s i n g  from th e  su r face  l a y e r  i s  r a p id ly  
d e n i t r i f i e d  (DeLaune and P a t r i c k ,  1980) r e s u l t i n g  in extremely low le v e l s  of  
n i t r a t e  (Vanderbought and B i l l e n  (1975),  al though n i t r a t e  r educ t ion  to  
ammonium may conserve  n i t ro g en  in th e  sediments (Bowden, 1982).  As a r e s u l t  
n i t r a t e  i s  considered  a minor source o f  n i t ro g en  f o r  S p a r t i n a  cvnosuroides 
as has been demonstrated fo r  S p a r t in a  a l t e r n i f l o r a  (Mendelssohn, 1979). 
Ammonium which remains in the  anaerobic  sediment column may be re g u la ted  by
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t h e  "clay-humic complex" o f  organic  r i c h  sed im ents ,  r e s u l t i n g  in increased  
a dsorp t ion  and decreased a v a i l a b i l i t y  (Boatman and Murray, 1982). 
Exchangeable ammonium which i s  a v a i l a b l e  i s  t h e r e f o r e  d i s so lv ed  in the  
i n t e r s t i t i a l  water  where l e v e l s  are  maintained by th e  decomposit ion o f  
o rganic  m a t te r  (R osenf ie ld ,  1979).  S p a r t in a  sediments ,  due t o  poor 
d ra in ag e ,  were extremely water logged . As a r e s u l t ,  the  m a jo r i ty  o f  
a v a i l a b l e  n i t ro g en  i s  assumed t o  be d is so lv ed  in the  i n t e r s t i t i a l  water or 
adsorbed onto suspended sediments .  Klopatek (1975) r e p o r te d  s im i l a r  
p a t t e r n s  o f  sediment n i t ro g en  with t o t a l  n i t ro g en  reaching a peak o f  1696
p
g/m in the  top  30 cm o f  a f r eshw ate r  marsh. Haines e t  a l . (1977) repor ted  
peak ammonium s tand ing  s tocks  between April  and May, although l e v e l s  were 
r e l a t i v e l y  lower than those  observed in t h i s  s tudy .
Tissue-Sediment  Nitrogen R e la t ionsh ip
As p rev io u s ly  d i scu ssed ,  the  r e l a t i o n s h i p  between t i s s u e  and sediment 
n i t rogen  l e v e l s  has been developed f o r  severa l  macrophytes a lthough r e s u l t s  
heve been c o n f l i c t i n g  (G e r lo f f  and Kromholtz, 1966; Gosset and N o r r i s ,  1971; 
Boyd and Vickers,  1971; Klopatek,  1975; Walker, 1981). In t h e  p re sen t  
s tudy , shoot,  r o o t ,  and rhizome n i t rogen  l e v e l s  were shown to  be independent 
o f  sediment ino rg an ic  n i t rogen  s tanding s to ck s .  As w i l l  be demonst rated in 
the  n i t rogen  model, S p a r t in a  depends on de novo ro o t  uptake t o  support  
per iods  o f  peak shoot and roo t  p r o d u c t i v i t y .  Consequently,  a s t ro n g e r  
dependence o f  t i s s u e  n i t rogen  on sediment ino rgan ic  n i t r o g en  may be 
expected.  A weak t i s s u e  r e l a t i o n s h i p  with sediment ino rgan ic  n i t rogen  i s  
most l i k e l y  due to  t h e  seasonal  f l u c t u a t i o n s  o f  ammonia and n i t r a t e  as well 
as i n i t i a l  pe r iods  o f  r e a l l o c a t i o n  from the  rhizomes.  A p o s i t i v e
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r e l a t i o n s h i p ,  however, was shown to  e x i s t  between shoot ,  r o o t ,  and rhizome 
n i t ro g en  and sediment t o t a l  n i t ro g en  s tand ing  s to ck s .  The dependence o f  
t i s s u e  n i t ro g en  s tanding  s tocks  on sediment n i t ro g en  l e v e l s  a re  s i m i l a r  to  
t h a t  r e p o r t e d  by Klopatek (1975).  The r e l a t i o n s h i p  may be b e s t  exp la ined  by 
th e  c o n s ta n t  p ropor t ion  o f  ammonium t o  t o t a l  n i t r o g e n ,  with m in e ra l i z a t i o n  
o f  t o t a l  n i t ro g en  c o n t r o l l i n g  uptake (Klopatek,  1978).  I f  indeed 
m in e r a l i z a t i o n  r a t e s  a re  c o n t r o l l e d  by aqu a t i c  macrophytes then a p o s i t i v e  
c o r r e l a t i o n  i s  expected.
Nitrogen Model
The q u a n t i f i c a t i o n  o f  compartmental f lu x e s  in th e  shoots  o f  S p a r t in a  
cvnsou ro ides . which must be i n t e r p r e t e d  on a q u a l i t a t i v e  b a s i s ,  demonstrates  
th e  impact o f  p e re n n ia l s  with rhizome s to ra g e  c a p a c i ty  which,  due to  l e v e l s  
o f  biomass p r o d u c t iv i t y ,  must a l so  depend on de novo r o o t  uptake t o  meet 
n u t r i e n t  requ irem ents .  The r e l a t i v e l y  low annual r e l e a s e  o f  n i t r o g en  to  
leach ing  i s  s i m i l a r  t o  t h a t  repo r ted  f o r  S p a r t i n a  a l t e r n i f l o r a  (Hopkinson 
and Schubauer,  1984) and i s  b e s t  expla ined  by th e  l a ck  o f  t i d a l  cover  during 
pe r iods  o f  peak biomass and shoot morphology. As such, leach in g ,  which has 
been demonst ra ted t o  be ex ten s iv e  in o th e r  t i d a l  f r e sh w a te r  macrophytes 
(Klopatek,  1975; K i s t r i t z  e t  a l . ,  1983),  r e p re s e n t s  a r e l a t i v e l y  
i n s i g n i f i c a n t  input  to  t h e  surrounding environment.  The annual n i t ro g en
f l u x  o f  20.27 g/m to  t h e  d e t r i t u s  compartment does no t  r e p r e s e n t  an 
immediate r e l e a s e  to  th e  environment due to  the  f a c t  t h a t  dead shoots  remain 
s tand ing  throughout the  w in te r  and in to  the  next growing season. The 
r epo r ted  f lu x  o f  n i t rogen  to  t h e  d e t r i t a l  compartment, t h e r e f o r e ,  i s  
r e l e a s e d  to  the  enivironment over extended pe r iods  o f  t ime as dead shoots
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f a l l  to  th e  sediment s u r f a ce  and decompose (Odum and Heywood, 1978; Dunn,
1978; Turner ,  1980). Nitrogen uptake o f  32.17 g/m by th e  shoots  r e p re s e n t s
a s i g n i f i c a n t  investment in  photosyn tha te  production  o f  developing  shoo ts .
As rhizome n i t ro g en  s to rag e  i s  i n s u f f i c i e n t  t o  support  t h i s  leve l  o f  uptake
i t  i s  assumed t h a t  e a r l y  shoot  uptake i s  the  r e s u l t  o f  r e a l l o c a t e d  n i t rogen
with t h e  remainder the  r e s u l t  o f  de novo ro o t  up take.  Hopkinson and
Schubauer (1984) r e p o r te d  s i m i l a r  l e v e l s  o f  shoot  uptake by S pa r t ina
2 2 a l t e r n i f l o r a  a t  33 .0  g/m / y e a r .  T rans loca t ion  o f  11 .8 8  g/m o f  n i t ro g en  to
th e  rhizomes,  approximate ly  one t h i r d  o f  shoot uptake ,  r e p r e s e n t s  a
s i g n i f i c a n t  level  o f  n i t ro g en  conse rva t ion .  Conservation o f  n i t rogen
through t r a n s l o c a t i o n  in the  f a l l  p rov ides  s to rage  n i t ro g en  f o r  sp r ing  shoot
development while  decreas ing  th e  energy which must be expended f o r  de novo
ro o t  uptake .  T ran s lo ca t io n  o f  n i t rogen  t o  the  rhizomes has a l so  been
demonstrated in S p a r t i n a  a l t e r n i f l o r a  (Hopkinson and Schubauer, 1984),  Tvpha
(Davis and van der  Valk, 1983),  and Phraamites (Van der  Linden, 1980).
o
Nitrogen uptake o f  52.62 g/m / y e a r  by th e  ro o ts  r e p r e s e n t s  a 
s i g n i f i c a n t  withdrawal from th e  sediments support ing Klopatek’s (1974) 
con ten t ion  t h a t  macrophytes r e g u l a t e  ammonium l e v e l s .  As mean monthly 
sediment ino rgan ic  n i t rogen  s tand ing  s tocks  a re  r e l a t i v e l y  low in r e l a t i o n  
to  uptake demand, i t  i s  assumed t h a t  m in e ra l i z a t i o n  o f  organic  n i t rogen  
provides  a continuual supply o f  ino rgan ic  n i t rogen .  Moreover, as rhizome 
n i t ro g en  s tanding  s tocks  are  i n s u f f i c i e n t  to  meet observed biomass n i t rogen  
s tand ing  s to ck s ,  de novo ro o t  uptake during pe r iods  o f  peak biomass
p r o d u c t i v i t y  i s  necessa ry .  Nitrogen t r a n s f e r  o f  55.60 g/m from th e  ro o t s  
to  the  rhizomes,  which exceeds annual ro o t  uptake ,  sugges ts  t h a t  n i t rogen
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may be conserved through t r a n s l o c a t i o n  dur ing  ro o t  senescence .  Of t h e  
n i t r o g en  t r a n s f e r  t o  th e  rhizomes from th e  r o o t s ,  approximate ly  9.75
O
g/m / y e a r  a re  r e q u i re d  f o r  rhizome p r o d u c t i v i t y ,  while  th e  remainder  i s  used 
to  support  shoot and ro o t  p r o d u c t i v i t y .  The annual n i t r o g en  r e a l l o c a t i o n  of
2
18.45 g/m to  support  roo t  growth, based on th e  assumption t h a t  ro o t  
p r o d u c t i v i t y  i s  supported through rhizome r e a l l o c a t i o n ,  may be overestimated  
due t o  t h e  d i f f i c u l t y  in dete rmin ing which percen tage  o f  n i t r o g e n  i s  
a c t u a l l y  r e a l l o c a t e d  and which percentage  i s  taken up and used d i r e c t l y  by 
th e  r o o t s  (Mendelssohn, 1979). Nitrogen lo s se s  to  t h e  environment through 
ro o t  and rhizome m o r t a l i t y  may a lso  r e p r e s e n t  ove re s t im a te s  due to  
r e l a t i v e l y  slow tu rn o v e r  (Good e t  a l . ,  1982) and decomposit ion (Hackney, 
1984; Hackney and de l a  Cruz, 1982).
Phosphorus Dynamics
Tissue  Phosphorus Concentra tions
The decrease  in shoot phosphorus co n ce n t ra t io n s  between April  and 
September suggest  t h a t  S pa r t ina  accumulates phosphorus in excess  o f  
requirements  dur ing th e  i n i t i a l  lag  phase in  shoot development which a re  
then d i l u t e d  as shoot development p roceeds .  The e a r l y  "luxury"  accumulation 
(G e r lo f f  and Kromholtz, 1966) o f  phosphorus in th e  shoots  o f  S p a r t i n a .  
assumed t o  be the  r e s u l t  o f  rhizome r e a l l o c a t i o n  r a t h e r  than  de novo roo t  
uptake,  during the  i n i t i a l  lag  phase in  shoot development p rov ides  a 
s u f f i c i e n t  supply o f  phosphorus t o  support  the  subsequent rap id  growth 
phase.  As phosphorus i s  a major c o n s t i t u e n t  o f  ATP and c e l l  wall 
c o n s t i t u e n t s ,  t h i s  n u t r i e n t  i s  r equ i red  f o r  maximum shoot growth and
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photosyn tha te  p roduc t ion .  The luxury  c o n cen t ra t io n s  o f  shoot phosphorus,  
th en ,  provide  S p a r t in a  cvnosuroides  with requ ired  l e v e l s  o f  phosphorus fo r  
ATP s y n t h e i s i s  dur ing  pho tosyn thes is  as well  bu i ld in g  blocks f o r  c e l l  w a l l s ,  
which are  s i g n i f i c a n t  in reed p l a n t s  (Boyd, 1978). Consequently ,  Sp a r t in a  
i s  capable  o f  suppor t ing  per iods  o f  r ap id  shoot development which allow 
maximum s u n l i g h t  u t i l i z a t i o n .  The minimum shoot phosphorus co n ce n t ra t io n s  
between August and October,  during th e  per iod  o f  maxiumum shoot biomass,  
approximates t h e  c r i t i c a l  phosphorus concen t ra t ion  o f  0.13%, i . e .  the  
c o n ce n t ra t io n  above which p r o d u c t iv i t y  i s  no t  l i m i t e d ,  suggested by G e r lo f f  
and Kromholtz (1966).  Shoot phosphorus c oncen t ra t ion  during peak biomass 
must th e r e f o r e  r e p r e s e n t  th e  optimum con cen t ra t io n s  in shoots  in terms of 
energy and s t r u c t u r a l  requ irem ents .  S im i la r  p a t t e r n s  o f  shoot phosphorus 
c o n ce n t ra t io n s  have been r e p o r te d  f o r  the  m a jo r i ty  o f  wetland macrophytes 
(Boyd, 1978),  inc lud ing  Phraamites (Mason and Bryant,  1975),  Tvoha (Prentk i 
e t  a l . ,  1978) and S p a r t in a  a l t e r n i f l o r a  ( P a t r i c k  and DeLaune, 1976).
S p a r t in a  rhizome phosphorus con cen t ra t io n s  remained c o n s ta n t  dur ing the  
i n i t i a l  lag  phase and subsequent per iod  o f  rap id  shoot development and 
decreased dur ing  th e  second per iod  o f  rap id  shoot development and roo t  
growth. As i t  has been hypothesized t h a t  the  i n i t i a l  lag  phase in shoot 
development i s  supported  by r e a l l o c a t i o n  from th e  rhizomes,  th e  r e l a t i v e l y  
cons tan t  rhizome phosphorus c o n ce n t ra t io n s  sugges t  t h a t  rhizome phosphorus 
i s  r e su p p l ied  by ro o t  uptake during t h i s  pe r iod .  The decrease  in  rhizome 
phosphorus c o n ce n t ra t io n  between Ju ly  and September i s  th e  r e s u l t  o f  
cont inued phosphorus r e a l l o c a t i o n ,  in excess o f  ro o t  uptake r a t e s ,  t o  the  
shoots  and developing r o o t s .  Mason and Bryant (1975),  however, rep o r ted  a 
s teady  decrease  in  rhizome phosphorus c o n cen t ra t io n s  o f  Phraomites during
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per iods  o f  shoot development as d id  Prentk i  e t  a l .  (1978) in  the  rhizomes of  
T.ypjLa.
S o a r t i n a  r o o t  phosphorus c o n ce n t ra t io n s  remained r e l a t i v e l y  co n s tan t  
th roughout th e  sampling pe r io d ,  al though a s l i g h t  decrease  was observed 
dur ing  th e  i n i t i a l  phase o f  ro o t  growth in d i c a t in g  t h a t  ro o t  biuomass 
d i l u t e s  phosphorus to  a minium o r  optimal l e v e l .  The r e l a t i v e l y  co n s tan t  
ro o t  phosphorus c o n ce n t r a t io n s  during pe r iods  o f  peak ro o t  biomass 
demonst ra te  th e  importance o f  the  ro o t s  as a condu i t  f o r  phosphorus r a t h e r  
than  as a s to rag e  component. Constant r e a l l o c a t i o n  from th e  rhizomes 
exp la in  th e  r e l a t i v e l y  c o n s ta n t  phosphorus c o n ce n t r a t io n s  which a re  r equ i red  
f o r  ATP sy n th e s i s  r e q u i re d  f o r  a c t i v e  r o o t  uptake.
Tissue  Phosphorus Standing Stocks
Seasonal p a t t e r n s  o f  shoot phosphorus s tanding  s tocks  demonst ra te  the  
q u a n t i t a t i v e  a spec t s  o f  S o a r t i n a  phosphorus dynamics with th e  c o r r e l a t i o n  
between biomass and phosphorus s tanding  s tocks  i l l u s t r a t i n g  the  impact of  
p r o d u c t i v i t y  on phosphorus concen ta t ion .  The r e l a t i v e l y  small in c re a se  in 
shoot phosphorus s tand ing  s tocks  between March and May i s  b e s t  expla ined as 
t h e  d i l u t i o n  o f  th e  luxury  accumulation dur ing  th e  i n i t i a l  lag  phse in shoot 
development.  The s i g n i f i c a n t  inc rease  in  shoot phosphorus s tanding  s tocks  
between May and June i s  th e  r e s u l t  o f  de novo ro o t  uptake as rhizome 
phosphorus s tand ing  s tocks  are  r e s u p p l i e d .  The decrease  in shoot phosphorus 
s tand ing  s tocks  dur ing  th e  second apparen t  lag  phase in  shoot development 
between June and J u ly  may be t h e  r e s u l t  o f  t r a n s l o c a t i o n  of  phosphorus to  
support  ro o t  uptake and growth. Peak shoot phosphorus s tand ing  s tocks  
co inc id ing  with peak shoot biomass provide  S pa r t ina  with s u f f i c i e n t  l e v e l s
238
o f  phosphorus requ ired  fo r  photosynthate  production occurr ing  a t  t h i s  t ime. 
In t h i s  manner, Spa r t ina  u t i l i z e s  phosphorus most e f f i c i e n t l y  f o r  carbon 
a s s im i la t io n  and root uptake.  S im ila r  p a t t e r n s  o f  shoot phosphorus s tanding  
s tocks  have been observed in Tvpha 1a t i f o l i a  (P rentk i  e t  a l . ,  1978) and 
Phraomites (Mason and Bryant,  1975; Ulehlova e t  a l . ,  1973; Kvet, 1973). 
Buresh e t  a l .  (1980) and P a t r i ck  and Delaune (1976) a lso  observed reported 
s i m i l a r  p a t t e r n s  o f  shoot phosphorus standing s tocks  in the  shoots  of 
Spa r t ina  a l t e r n i f l o r a .
Rhizome phosphorus s tanding  s tocks  decreased between February and May 
co inc id ing  with rhizome senescence and shoot p r o d u c t iv i ty  dur ing t h i s  
pe r iod .  Rhizome phosphorus s tanding  s tocks  then increased  through Ju ly  
followed by a decrease  through September. As rhizome phosphorus 
co ncen t ra t ions  remained cons tan t  during per iods  o f  rhizome senescence,  
decreased rhizome phosphorus standing s tocks  are  r e l a t e d  to  biomass 
dynamics. Uptake by the  roo ts  and continued r e a l l o c a t i o n  to  the  shoots and 
roo ts  expla in  rhizome phosphorus p a t t e r n s  between May and September, as 
p rev ious ly  suggested,  rhizomes,  which are  g e n e ra l ly  considered as important 
w in te r  s to rage  organs,  apparen t ly  do not s t o r e  s i g n i f i c a n t  l e v e l s  o f  
phosphorus but r a t h e r  depend on de novo roo t  uptake to  meet biomass 
phosphorus requirements .  This may be expla ined  by th e  extremely high le v e l s  
o f  sediment phosphorus a v a i l a b le  to  Spa r t ina  and the  c o s t s  o f  s to rage  (Bloom 
e t  a l . ,  1985). Rhizome phosphorus standing s tocks ,  however, did  increase  
s l i g h t l y  during per iods  o f  shoot senescence sugges ting t h a t  Soa r t ina  may 
conserve and s to r e  some phosphorus during th e  w in te r .  Prentki  e t  a l .  (1978) 
r epor ted  s im i la r  p a t t e rn s  in Tvpha. As roo t  phosphorus concen t ra t ions  
remained r e l a t i v e l y  constan t  throughout the  sampling pe r iod ,  seasonal
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p a t t e r n s  o f  ro o t  phosphorus s tand ing  s tocks  were dependent on ro o t  biomass 
dynamics. The small in c re a se  in ro o t  phosphorus s tand ing  s tocks  between Hay 
and J u ly ,  however, i s  due to  the  d i l u t i o n  o f  apparen t  h ighe r  ro o t  phosphorus 
c oncen ty ra t ions  p r i o r  t o  the  o nse t  o f  ro o t  growth.
T issue  Phosphorus Leaching
The r e l a t i v e l y  low phosphorus leach ing  r a t e s  from the  shoots  o f  
S p a r t i n a  a re  due t o  the  la ck  o f  t i d a l  cover  as well as  the  in c o rp o r ta io n  of  
phosphorus i n to  c e l l  wall  c o n s t i t u e n t s  which a re  not r e a d i l y  le ached .  
Consequently,  phosphorus input to  the  environment through leach ing  i s  
minimal although leach ing  of  s tand ing  and f a l l e n  dead shoots  may c o n t r ib u t e  
a d d i t io n a l  l e v e l s  o f  phosphorus over extended pe r iods  o f  t ime. Conparison 
o f  phosphorus leach ing  r a t e s  o f  S p a r t in a  i s  d i f f i c u l t  due t o  the  l a c k  o f  
leach ing  d a ta  from macrophyte sp ec ie s  with s i m i l a r  morphology although 
Reimold (1972) r e p o r t e d  r e l a t i v e l y  high l e v e l s  o f  phosphorus l each ing  from 
S p a r t i n a  a l t e r n i f l o r a .
Phosphorus E f f i c i e n c y  Indexes
Phosphorus use e f f i c i e n c y ,  which d e f in e s  t h e  r e l a t i o n s h i p  between 
phosphorus s tand ing  s tocks  and biomass, in  the  shoots  o f  S pa r t ina  
cvnosuroides  inc reased  from a low in April  t o  a high dur ing  peak shoot shoot 
biomass s tanding  s to c k s .  The low use e f f i c i e n c y  in April  i s  the  r e s u l t  o f  
apparent  "luxury" accumulation o f  phosphorus dur ing  t h e  i n i t i a l  lag  phase in 
shoot development while i n c re a s in g  use e f f i c i e n c y  i s  due to  in c reas in g  
biomass in r e l a t i o n  to  phosphorous s tand ing  s to c k s .  Assuming t h a t  use 
e f f i c i e n c y  in c re a se s  as a v a i l a b i l i t y  decreases  (Shaver and M e l i l l o ,  1984),
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th e  in c rease  in use e f f i c i e n c y  as the  growing season proceeds may be bes t  
expla ined  in terms o f  decreased rhizome s to rage  o f  phosphorus as well as the  
demand f o r  de novo ro o t  uptake,  which r e q u i r e s  s i g n i f i c a n t  l e v e l s  of  energy. 
By us ing phosphorus more e f f i c i e n t l y  during per iods  o f  peak biomass,
Spa r t ina  maximizes carbon a s s im i la t io n  while decreas ing  th e  energy which 
would otherwise  be expended on ro o t  uptake.  Maximum use e f f i c i e n c y  in 
October i s  the  r e s u l t  o f  phosphorus t r a n s lo c a te d  to  the  rhizomes while 
biomass remains r e l a t i v e l y  s t a b l e .  Shaver and M el i l lo  (1984) repor ted  
s im i l a r  l e v e l s  o f  phosphorus use e f f i c i e n c y  in Tvpha and Carex although use 
e f f i c i e n c y  decreased between sampling i n t e r v a l s .
S pa r t ina  rhizome use e f f i c i e n c y  was s i g n i f i c a n t l y  h igher  than t h a t  of 
the  shoots  and ro o t s .  This supports  the  observat ion  t h a t  rhizomes s to re  
r e l a t i v e l y  low le v e l s  o f  phosphorus and must depend on ro o t  uptake to  meet 
t i s s u e  phosphorus requirements .  Rhizome use e f f i c i e n c y  remained low during 
the  lag  phase in shoot development and th e  onset  o f  roo t  development and 
increased  s i g n i f i c a n t l y  dur ing the  i n i t i a l  period o f  rap id  shoot growth and 
roo t  development between May and Ju ly .  Use e f f i c i e n c y  then decreased during 
periods  o f  assumed roo t  uptake and increased as phosphorus i s  r e a l l o c a t e d  to 
the  shoot and r o o t s .  The extremely high use e f f i c i e n c y  by the  rhizomes in 
the  w in te r  i l l u s t r a t e s  the  low s to rage  capac i ty  f o r  phosphorus and the  
a b i l i t y  t o  support  extremely high biomass standing s tocks  a t  low phosphorus 
s tanding s to ck s .  Apparently energy requirements  o f  ATP and c e l l  wall 
s t r u c t u r a l  components in the  rhizomes o f  Soar t ina  are  low a t  t h i s  t ime. Root 
use e f f i c i e n c y  remained r e l a t i v e l y  cons tan t  throughout the  year  although 
th e re  was a s l i g h t  decrease  in use e f f i c i e n c y  dur ing the  i n i t i a l  phase of  
shoot growth. The r e l a t i v e l y  cons tan t  use of  phosphorus by S pa r t ina  roo ts
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sugges ts  cont inued  r e a l l o c a t i o n  form the  rhizomes o r  i n t e r n a l  cy c l ing  o f  
phosphorus by the  ro o ts  t o  meet energy demands in r e l a t i o n  to  biomass 
p ro d u c t io n .  The r e l a t i v e l y  low r o o t  use e f f i c i e n c y  in  comparison t o  the  
rhizomes may be b e s t  expla ined  in  terms o f  th e  l e v e l s  o f  energy re q u i re d  to  
suppor t  ro o t  p r o d u c t i v i t y  and a c t i v e  ro o t  uptake o f  n u t r i e n t s .
Recovery e f f i c i e n c y  i s  r e l a t i v e l y  low in d ic a t in g  th e  S p a r t i n a  
cvnosuroides  does not conserve high l e v e l s  of  phosphorus through 
t r a n s l o c a t i o n .  As high l e v e l s  o f  recovery a re  o f ten  a s s o c i a t e d  with  the  
l i m i t a t i o n  o f  a s p e c i f i c  n u t r i e n t  (Denny, 1980), th e  extremely  high sediment 
phosphorus l e v e l s  observed may make i t  unnecessary f o r  S p a r t i n a  to  conserve 
high l e v e l s  o f  phosphorus through t r a n s l o c a t i o n .  Shaver and M e l i l lo  (1984) 
r e p o r t e d  s i m i l a r  phosphorus recovery  indexes in  Carex and Tvpha with 
recovery  decreas ing  between sampling p e r iods ,  s i m i l a r  to  t h i s  s tudy.
Sediment Phosphorus
Inorganic  phosphorus,  expressed as the  sum of  a l l  dep ths ,  in the  
sediments o f  S p a r t i n a  were r a e l i v e l y  high th roughout th e  sampling period 
with th e  except ion  o f  a s i g n i f i c a n t  drop between Ju ly  and August.  As such, 
sediment phosphate l e v e l s  remained high during th e  i n i t i a l  l a g  phase and 
ra p id  growth o f  S o a r t i n a  shoots and decreased during th e  second period of  
rap id  sho t  development. Total phosphorus,  expressed as th e  sum o f  a l l  
dep ths ,  fo llowed almost i d e n t i c a l  seasonal  p a t t e r n s  in c re a s in g  p r i o r  to  
maximum shoot biomass and decreas ing  dur ing p e r iods  o f  peak shoot 
p r o d u c t i v i t y .
Seasonal p a t t e r n s  o f  phosphorus in the  sediments  o f  S o a r t in a  
cvnosuroides  may be b e s t  expla ined  in terms o f  macrophyte upake and sediment
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chemist ry .  The e f f e c t s  o f  emergent macrophytes on sediment phosphorus 
l e v e l s  has been demonstrated (Klopatek,  1975; Bowden, 1982; DeLaune and 
P a t r i ck ,  1980) with decreased sediment inorganic  l e v e l s  th e  r e s u l t  o f  
macrophyte uptake.  Carignan and Kalf f  (1979) repor ted  t h a t  the  av a i l ab le  
phosphorus f o r  aqu a t i c  macrophytes i s  in the  mobile phase which i s  regu la ted  
by the  r e l e a s e  o f  phosphate during the  reduct ion  o f  f e r r i c  hydroxides in 
anaerobic  s o i l s  and adsorp t ion /deso rp t ion  capac i ty  (P a t r i ck  and Khalid,  
1974). Carignan and F l e t t  (1981) suggested t h a t  phosphorus l e v e l s  may a lso  
be co n t ro l l e d  by the  v e r t i c a l  migrat ion o f  phosphorus from r e l a t i v e l y  deep, 
anaerobic  sediments and accumulation in the  upper l ayer s  where p r e c i p i t a t i o n  
may occur .  Krom amd Berner (1981) demonstrated t h a t  the  d is so lved  phosphate 
in these  upper l a y e r s  may be provided by the  r e l e a s e  of  phosphates during 
the  reduc t ion  o f  the  f e r r i c  hydroxides while phosphate l e v e l s  in the  deeper,  
anaerobic sediments i s  the  r e s u l t  o f  the  decomposition o f  organic  mater. As 
a r e s u l t ,  l ack  o f  oxygen r e s u l t s  in increased  sediment l e v e l s  o f  phosphorus.  
This da ta  suggest  t h a t  in anaerobic  sediments the  a v a i l a b le  pool i s  in the  
mobile phase although adsorbed phosphorus, as well as phosphorus 
incorpora ted  in to  organic  m a t te r  (Ponnamperuma, 1972), may even tua l ly  become 
a v a i l a b le  through desorp t ion  and decomposition,  r e s p e c t iv e ly .  The 
r e l a t i v e l y  high l e v e l s  of inorganic  phosphorus observed in the  sediments of 
S p a r t i n a . t h e r e f o r e ,  may be the  r e s u l t  o f  decomposition, immobiliza tion with 
f e r r i c  hydroxides,  and adsorption whereas lower l e v e l s  a re  the  r e s u l t  o f  
roo t  uptake and incorpora t ion  in to  organic  m at te r .  Decreased sediment 
l e v e l s ,  in t u r n ,  a re  renewed through sedimentat ion (DeLaune e t  a l . ,  1981), 
decomposition (Bowden, 1982), and increased binding with f e r r i c  hydroxides 
(P a t r i ck  and Khalid,  1974).
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The observed l e v e l s  o f  sediment phosphorus support  K lopatek’ s (1978) 
co n ten t ion  t h a t  wetlands have evolved mechanisms f o r  conserv ing phosphorus 
w i th in  i t s  boundar ies .  The anaerobic  s t a t e  and redox p o te n t i a l  o f  marsh 
sediments r e t a r d  the  decomposit ion o f  organic  m a t t e r .  As a r e s u l t ,  
sediments high in  o rgan ic  m a t te r  are  considered  phosphorus s inks  (Klopatek,  
1978) a lthough phosphorus may be re l e a s e d  to  th e  ove r ly ing  water  (P a t r i c k  
and Khal id,  1974).  The sediments o f  S p a r t i n a . t h e r e f o r e ,  appear t o  a c t  as 
long term s inks  f o r  phosphorus i n s u r i n g ' s u f f i c i e n t  l e v e l s  which support  both 
macrophyte and microbia l  demands. As such, S p a r t in a  appears  no t  t o  be 
l im i t e d  in terms o f  biomass production on phosphorus a v a i l a b i l i t y ,  al though 
th e  a v a i l a b l e  phosphate pool may be overes t im ated  due t o  th e  e x t r a c t i o n  
procedure which assumes both adsorbed and mobile phosphorus as a v a i l a b l e .
Mason and Bryant (1975) rep o r ted  s i m i l a r  high l e v e l s  o f  i n t e r s t i t i a l  
in o rgan ic  phosphorus th roughout th e  growing season in Phraomites communis 
sediments ( in  Klopatek,  1978). Klopatek (1975) a l s o  rep o r ted  s i m i l a r  l e v e l s  
and seasonal p a t t e r n s  o f  Bray P-2 a v a i l a b l e  phosphorus in the  top 15 cm o f  a 
t i d a l  f r e sh w a te r  wet land with l e v e l s  decreas ing  between June and Ju ly ,  
pe r iods  o f  maximum shoot uptake,  and in c reas in g  th e  remainder o f  the  y ea r .  
DeLaune and P a t r i c k  (1980) concluded t h a t  a s t reamside  marsh a c t s  as a s ink
f o r  phosphorus with an annual accumulation r a t e  o f  21 g/m^ and reaching 20 
o
g/m in t h e  top 30 cm o f  the  sediment column.
Tissue-Sediment Phosphorus R e la t ionsh ip
In th e  p re s en t  s tudy, r e g re s s io n  a n a ly s i s  i n d ic a ted  t h a t  shoot,  r o o t ,  
and rhizome phosphorus s tanding  s tocks  were independent o f  sediment 
in o rgan ic  phosphate l e v e l s .  This i s  somewhat s u r p r i s i n g  due to  the  l e v e l s
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o f  ro o t  uptake re q u i r e d  t o  meet annual t i s s u e  phosphorus demands. There 
was, however, a s i g n i f i c a n t  l e v e l  o f  dependence o f  shoot phosphorus on 
sediment t o t a l  phosphorus .  The independence o f  t i s s u e  phosphorus on 
sediment ino rg an ic  phosphorus l e v e l s  may be t h e  r e s u l t  o f  th e  i n i t i a l  
r e a l l o c a t i o n  from th e  rhizomes which supports  shoot  and ro o t  p r o d u c t iv i t y .  
Moreover, independence o f  t i s s u e  phosphorus s tand ing  s tocks  on sediment 
l e v e l s  a l lows S p a r t i n a  to  use phosphorus most e f f i c i e n t l y ,  i . e .  when i t  i s  
a v a i l a l b l e ,  in t h e  energy req u i red  f o r  a c t i v e  ro o t  uptake.  The dependence
o f  shoot phosphorus s tanding  s tocks  on sediment t o t a l  phosphorus i s
app a ren t ly  due th e  l e v e l s  o f  or thophosphate  a s s o c ia t e d  with organ ic  
phosphorus compounds and the  m i n e r i l i z a t i o n  o f  more r e s i s t a n t  phosphorus 
con ta in in g  compounds (Klopatek,  1978).
Phosphorus Model
The phosphorus model f o r  So a r t in a  must be i n t e r p r e t e d  on a q u a l i t a t i v e  
b a s i s ,  y e t  q u a n t i f i c a t i o n  of  annual compartmental f lu x e s  does provide  
in fromat ion  on r e l a t i v e  phosphorus eyeing s t r a t e g i e s ,  annual uptake o f  4.43
o
g/m by th e  shoots  demonst ra tes  t h a t  S oa r t ina  t a k es  up s i g n i f i c a n t  l e v e l s  o f  
phosphorus through rhizome r e a l l o c a t i o n  and ro o t  uptake.  The r e l a t i v e l y  low 
leach ing  r a t e s  a re  d i r e c t l y  a t t r i b u t a b l e  t o  t h e  lack  o f  t i d a l  cover dur ing 
pe r iods  o f  peak biomass as well as the  inco rp o ra t io n  o f  phosphorus i n to  
s t r u c t u r a l  components t h a t  are  not e a s i l y  le ached .  The annual flow t o  the
o
d e t r i t a l  compartment o f  2.88 g/m i s  r e l e a s e d  t o  the  environment over
extended pe r iods  o f  t ime due to  slow decomposit ion r a t e s  and th e  f a c t  tha
S p a r t in a  dead shoots  remain s tand ing  through t h e  w in te r .  The conserva t ion
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of  phosphorus through t r a n s l o c a t i o n  to  th e  rhizome compartment o f  1.41 g/m2 
may be expla ined  by th e  i n a b i l i t y  o f  S p a r t in a  to  m obi l ize  phosphorus f o r  
t r a n s l o c a t i o n  o r  sediment phosphorus l e v e l s  which make conse rva t ion  
unnecessary .
Annual phosphorus t r a n s f e r  o f  10.03 g/m2 from th e  r o o t s  to  th e  rhizomes
i s  s l i g h t l y  h igher  than th e  annual ro o t  uptake o f  9.73 g/m2 sugges t ing  t h a t  
phosphorus may be conserved through t r a n s l o c a t i o n  by senescing r o o t s .  
Simar ly ,  annual flow from the  ro o ts  to  th e  rhizomes sugges ts  t h a t  th e  ro o t s  
func t ion  mainly as a condui t  f o r  phosphorus r a t h e r  than as a s to rag e  
component with phosphorus pass ing from new ro o ts  to  th e  t r a n s p i r a t i o n a l  
stream ( B ie le sk i ,  1973).  Phosphorus lo s se s  t o  the  sediments  through ro o t  
and rhizome m o r t a l i t y  a re  ove re s t im ate s  due to  t h e  slow decomposit ion and 
tu rn o v e r  o f  belowground biomass (Hackney and de l a  Cruz, 1980; Good e t  a l . ,  
1982). As rhizome phosphorus s to ra g e  i s  i n s u f f i c i e n t  t o  meet t i s s u e
p
requ i rem ents ,  phosphorus r e a l l o c a t i o n  o f  4.76 g/m from t h e  rhizomes to  th e  
ro o t s  r e p r e s e n t s  a s i g n i f i c a n t ,  a l though necessa ry ,  investment by Spar t ina  
of  energy and s t r u c t u r a l  components i n to  ro o t  p r o d u c t i v i t y  and subsequent 
ro o t  uptake.  Heckman (1986) r epo r ted  an annual phosphorus uptake of  5.48
p p
g /n r  in  Phraomites with approximately  2.67 g/m*1 r e a l l o c a t e d  to  emergent 
shoo ts .
Nitrogen-Phosphorus  R e la t ionsh ip
C o r re la t io n  a n a ly s i s  i n d ic a ted  a s t rong  r e l a t i o n s h i p  between t i s s u e  
n i t ro g en  and phosphorus s tand ing  s to ck s .  S i g n i f i c a n t  l e v e l s  o f  c o r r e l a t i o n  
sugges t  t h a t  n i t ro g en  and phosphorus a re  not independent in  t h e i r  cyc l ing
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through th e  t i s s u e s  o f  S p a r t i n a . F u r the r ,  the  c o r r e l a t i o n  o f  t i s s u e  
n i t ro g en  and phosphorus sugges t  an i n t e r a c t i o n  between t h e s e  n u t r i e n t s  
al though the  mechanisms o f  i n t e r a c t i o n  a re  u n c le a r .  I t  would appear,  
however, t h a t  S p a r t i n a  t i s s u e s  r e q u i r e  n i t ro g en  and phoisphorus  in c e r t a i n  
p ro p o r t io n s  through th e  l i f e  cyc le  o f  t h e  p l a n t  sugges t ing  t h a t  r e a l l o c a t i o n  
o f  n i t ro g en  and phosphorus,  as well  as ro o t  uptake,  may be in r e l a t i v e  
p ro p o r t io n s  t o  demand. A probable  exp lana t ion  involves  the  requirements  of  
n i t r o g en  and phosphorus in  c e r t a i n  p ropo r t ions  f o r  c h l o r o p l a s t ,  energy, and 
c e l l  wall s y n th es i s  dur ing  ind iv idua l  phases o f  p l a n t  development.  Shaver 
and M e l i l lo  (1984) a l s o  demonstrated a p o s i t i v e  e f f e c t  o f  phosphorus on 
t o t a l  n i t r o g en  mass in the  t i s s u e s  o f  Tvoha. C a lam aa ro s t i s . and Carex 
sugges t ing  a n i t rogen-phosphorus  i n t e r a c t i o n .  Microbial  t u rn o v e r ,  chemical 
p ro ces ses ,  and p l a n t  uptake which main ta in  n i t r o g e n  and phosphorus in  a 
dynamic s t a t e  b e s t  exp la in  t h e  i n s i g n i f i c a n t  c o r r e l a t i o n s  o f  n i t ro g en  and 
phosphorus in t h e  sediments .
Seasonal p a t t e r n s  o f  n i t ro g en  to  phosphorus r a t i o s  (N:P) i n d i c a t e  t h a t  
t i s s u e  r a t i o s  a r e  v a r i a b l e  over  an annual cyc le  with each phase o f  p la n t  
development having a c e r t a i n  N:P r a t i o .  Shaver and M e l i l lo  (1984) suggested 
t h a t  n i t ro g en  and phosphorus cy c l in g  a re  r e l a t e d  with each p l a n t  having an 
optimum N:P r a t i o .  The tendency o f  p l a n t  t i s s u e s  to  converge on an optimum 
N:P r a t i o  r e s u l t s  in  t i s s u e  N:P r a t i o s  l e s s  extreme than  N:P r a t i o s  in  the  
sediments .  Developing shoots  appear t o  accumulate " luxury" l e v e l s  o f  
n i t rogen  in r e l a t i v e l y  h igher  p ro p o r t io n s  than phosphorus dur ing  e a r ly  
development. This i s  probably  exp la ined  by inc reased  n i t ro g en  demand fo r  
c h l o r o p l a s t  s y n th e s i s  and subsequent pho tosyn tha te  by young S o a r t i n a  shoot 
in r e l a t i o n  to  phosphorus.  Nitrogen t o  phosphorus r a t i o s  then decrease  as
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a r e s u l t  o f  r e a l l o c a t i o n  o f  phosphorus from de novo ro o t  uptake t o  more 
optimal r a t i o s  dur ing  p e r iods  o f  r a p id  shoot growth. The second in c re a s e  in 
N:P r a t i o s  dur ing  th e  apparen t  second lag  phase in  shoot development i s  the  
r e s u l t  o f  inc reased  n i t ro g en  r e a l l o c a t i o n  from the  rhizomes necessa ry  f o r  
c h l o r o p l a s t  s y n th e s i s .  N:P r a t i o s  then converge on an optimum r a t i o  a t  peak 
biomass as  phosphorus,  which i s  requ i red  f o r  ATP s y n th e s i s  necessa ry  f o r  
carbon a s s i m i l a t i o n ,  i s  now r e a l l o c a t e d  p r o p o r t i o n a l l y  h ighe r  than n i t rogen  
A s l i g h t l y  lower r a t i o  in October sugges ts  t h a t  n i t ro g en  i s  conserved a t  
h ighe r  l e v e l s  than phosphorus through t r a n s l o c a t i o n  to  t h e  rhizomes.
Rhizome r a t i o s  a re  high p r i o r  t o  the  o nse t  o f  shoot development 
demonstra t ing  th e  h ighe r  l e v e l s  o f  n i t rogen  s to rage  in  r e l a t i o n  to  
phosphorus.  Rhizome N:P r a t i o s  decrease  s i g n i f i c a n t l y  between March and 
A p r i l s  suppor t ing  the  obse rva t ion  t h a t  n i t rogen  i s  i n i t i a l l y  r e a l l o c a t e d  to  
th e  shoots  a t  h ighe r  p ropo r t ions  than phosphorus.  Rhizome r a t i o s  then 
in c rease  between April  and May as a r e s u l t  o f  de novo ro o t  uptake and 
decrease  between Ju ly  and September as n i t ro g en  i s  r e a l l o c a t e d  a t  a f a s t e r  
r a t e  than phosphorus t o  th e  shoot and r o o t s .  Rhizome r a t i o s  then inc rease  
in th e  f a l l  dur ing  pe r iods  o f  shoot dieback and ro o t  uptake sugges t ing  t h a t  
ro o t  uptake and t r a n s l o c a t i o n  o f  n i t rogen  i s  g r e a t e r  in r e l a t i o n  to  
phosphorus a t  t h i s  t ime .  Root n i t ro g en  to  phosphorus r a t i o s  a re  g e n e r a l ly  
h igher  p r i o r  t o  th e  onse t  o f  ro o t  p r o d u c t iv i t y  sugges t ing  th e  th e  "luxury" 
accumulation o f  n i t ro g en  a t  developing roo t  bases i s  g r e a t e r  than 
phosphorus.  The decreas ing  r a t i o s  during pe r iods  o f  ro o t  p r o d u c t iv i t y  
sugges t  t h a t  e i t h e r  n i t rogen  "luxury" accumulation i s  simply d i l u t e d  as 
phosphorus l e v e l s  remain c o n s ta n t  o r  t h a t  phosphorus i s  then r e a l l o c a t e d  
from the  rhizomes a t  a g r e a t e r  r a t e  to  meet energy demands o f  ro o t  uptake.
248
Sediment ino rgan ic  N:P r a t i o s  a re  extremely low as expected and 
s e a s o n a l ly  v a r i a b l e .  The low r a t i o s  a re  b e s t  exp la ined  in  terms o f  the  
apparen t  l i m i t i n g  a v a i l a b i l i t y  o f  inorgan ic  n i t ro g en  whi le  the  v a r i a b i l i t y  
i s  a t t r i b u t a b l e  t o  the  co n s tan t  f lu x  o f  n i t rogen  by p l a n t  uptake,  chemical 
p ro c e ss e s ,  and microbia l  convers ion .  The d ecrease  in N:P r a t i o s  between 
August and October support  th e  premise t h a t  th e  h igher  rhizome N:P r a t i o s  
observed a t  t h i s  t ime a re  the  r e s u l t  o f  g r e a t e r  n i t ro g en  uptake a t  t h i s  
t im e .  Sediment t o t a l  N:P r a t i o s  decreased as a r e s u l t  o f  m in e r a l i z a t i o n  of  
o rgan ic  n i t ro g en  to  ammonium which exp la ins  th e  i n c re a s in g  ino rgan ic  N:P 
r a t i o s  a t  t h i s  t ime.
Summary and Conclusions
A comparison o f  p r o d u c t i v i t y  and n u t r i e n t  dynamics i n d i c a t e  t h a t  both 
P e l tand ra  v i r o i n i c a  and S p a r t in a  cvnosuroides  t ak e  up, i n t e r n a l l y  cy c le ,  and 
r e l e a s e  t o  th e  environment s i g n i f i c a n t  l e v e l s  o f  n i t ro g en  and phosphorus 
over an annual c y c le .  Each s p e c ie s ,  however, approaches p r o d u c t i v i t y  and 
n u t r i e n t  cyc l ing  i n d i v i d u a l l y  as a r e s u l t  o f  lo c a l  environmental c o n d i t io n s ,  
rhizome s to ra g e  c a p a c i ty ,  and biomass n i t rogen  and phosphorus demands. As 
such, the  seasonal  t im ing  o f  annual n i t r o g en  and phosphorus f lu x e s  through 
P e l tand ra  and S p a r t i n a  r e f l e c t  ind iv idua l  a d ap ta t io n s  to  a re sou rce  l im i t e d  
environment.
Pe l tan d ra  seaonal p a t t e r n s  o f  shoot biomass are  c h a r a c t e r i z e d  by a lag  
phase in  t h e  spr ing  and maximum shoot p r o d u c t i v i t y  between May and Ju ly  
while in c re a se s  in ro o t  biomass a re  app a ren t ly  asynchronous with periods  o f  
peak p r o d u c t i v i t y  between Ju ly  and December. P e l tand ra  appears t o  have 
adapted to  a re source  l im i t e d  environment through a s t a b l e  rhizome 
compartment which i s  a p p a ren t ly  capable  o f  s t o r i n g  n i t ro g en  and phosphorus 
a t  s u f f i c i e n t  l e v e l s  t o  support  th e  m a jo r i ty  o f  both ro o t  and shoot 
p r o d u c t iv i t y  through r e a l l o c a t i o n .  As a r e s u l t ,  Pe l tan d ra  t i s s u e  n i t rogen  
and phosphorus s tand ing  s tocks  a re  independent o f  sediment a v a i l a b i l i t y .
Root p r o d u c t iv i t y  i s  t h e r e f o r e  assumed to  fun c t io n  p r im a r i ly  in t h e  resupply  
of  n i t r o g en  and phosphorus t o  t h e  rhizomes.  The rhizome s to rag e  capac i ty  
and independence on sediment uptake r e s u l t s  in r e l a t i v e l y  low n i t ro g en  and
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phosphorus use e f f i c i e n c y  although recovery  through t r a n s l o c a t i o n  i s  high.  
P e l tand ra  impacts sediment n i t ro g en  and phosphorus s tand ing  s tocks  through 
annual r o o t  uptake and r e l e a s e s  s i g n i f i c a n t  l e v e l s  o f  n i t ro g en  and 
phosphorus t o  th e  surrounding environment through monthly m o r t a l i t y  and 
subsequent r ap id  decomposi t ion.  There i s  a p p a ren t ly  an i n t e r a c t i o n  between 
n i t ro g en  and phosphorus as i n d ic a ted  by the  seasonal p a t t e r n s  o f  N:P r a t i o s  
and the  c o r r e l a t i o n  o f  t i s s u e  n i t ro g en  and phosphorus s tand ing  s tocks .
S p a r t i n a  seasonal biomass p a t t e r n s  a re  somewhat d i f f e r e n t ,  with shoot 
p r o d u c t i v i t y  c h a r a c t e r i z e d  by two lag  phases and reach ing  a peak in 
September.  Root and rhizome p r o d u c t i v i t y  are  r e l a t i v e l y  synchronous with 
r e s p e c t  t o  shoot biomass.  Sp a r t in a  appears l e s s  capable  o f  supporting  
observed l e v e l s  o f  p r o d u c t iv i t y  through rhizome s to rag e  and r e a l l o c a t i o n  and 
t h e r e f o r e  depends on s i g n i f i c a n t  l e v e l s  o f  r o o t  uptake.  As a r e s u l t ,  
Sp a r t in a  t i s s u e  n i t r o g en  and phosphorus s tand ing  s tocks  a re  more dependent 
on sediment a v a i l a b i l i t y .  Reduced rhizome s to ra g e  c ap a c i ty  and requ i red  
l e v e l s  o f  roo t  uptake r e s u l t  in h igher  n i t rogen  and phosphorus use 
e f f i c i e n c y  in S p a r t i n a  a lthough recovery  through t r a n s l o c a t i o n  i s  low. 
S pa r t ina  impacts sediment n i t ro g en  and phosphorus l e v e l s  through annual 
uptake however r e l e a s e  to  the  surrounding environment through m o r t a l i t y  and 
subsequent decomposit ion occurs over extended pe r iods  o f  t ime.  Like 
P e l t a n d r a . th e re  appears  to  be an i n t e r a c t i o n  between n i t r o g en  and 
phosphorus as i n d ic a ted  by the  seasonal p a t t e r n s  o f  N:P r a t i o s  and the  
c o r r e l a t i o n  o f  t i s s u e  n i t ro g en  and phosphorus s tand ing  s to c k s .
The d a t a  from t h i s  study demonstra tes  t h a t  th e  macrophyte community and 
a s s o c ia t e d  sediment compartments endow t i d a l  f r eshw ate r  marshes with  c e r t a i n  
s t r u c t u r a l  and fu n c t io n a l  a t t r i b u t e s  among them th e  a b i l i t y  to  impact
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n i t ro g en  and phosphorus f luxes  through uptake,  a s s im i l a t i o n ,  and s to rage .
As a r e s u l t ,  t i d a l  f reshw ate r  wetlands func t ion  as a na tu ra l  b u f fe r  between 
t e r r e s t i a l  and aqu a t i c  ecosystems while  r e g u la t in g  n i t rogen  and 
phosphorus f lu x es  wi th in  and to  the  surrounding environment. This 
n u t r i e n t  r e g u la to ry  capac i ty  helps maintain water q u a l i t y  and s t a b i l i t y  
wi th in  the  Chesapeake Bay e s tu a r in e  system.
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